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CHAPTER 1
INTRODUCTION

The objective of this project has been to produce an instrument to
measure atmospheric attenuation at 94 GHz under various weather
conditions, such as rain, snow, sleet and fog. Various systems were
considered for this task under two previous studies [1,27, and the use
of a 94 GHz reflection transmissomc ~er with a quadrature receiver was
recommended [2]. The implementation of this instrument is the subject
of this report.

A great deal of research has been done in recent years in the area
of millimeter wave propagation and a good deal of this work has dealt
with propagation in the low molecular absorption "window" around 94 GHz.
(See Figure 1.1.) Much of the work has heen in theoretical modeling of
millimeter wave propagation, as represented by References [4] to [8].
Experimental studies, such as those done at the 1.S. Army Ballistic
Research Laboratory, Aberdeen Proving Ground, Maryland and the I'.S,

Army Atmospheric Sciences Laboratory, White Sands Missile Range, NM, are
cited in References [9] to [14].

In this report, Chapter II discusses the requirements which Lhe

transmissometer is asked to meet and, in broad outline, " w this task is

accomplished. It also gives a phy:ical description of the device,
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Chapter III takes a detailed look at the signals and noise at various
points in the system to explain why the device has been built as it is,
Chapter IV shows test results from both bench calibration of the device
and outdoor tests. Chapter V is intended as an operation manual for
the transmissometer, giving both operating instructions and

troubleshooting tips.




CHAPTER II
SYSTEM DESCRIPTION

A. REQUIREMENTS

By definition, a transmissometer is required to measure the
electromagnetic propagation parameter known as transmittance, where
transmittance is defined as the ratio of the plane-wave power density
emerging from a transmission medium relative to the plane-wave power
incident upon it. However, other often used parameters are the
attenuation A, in dB, and the average specific attenuation a (alpha), in

dB per kilometer, along a signal path., These parameters are related by
A = aR, (2.1)

. 1o-(M10) _  -(aR/10)

0 . (2.2)

where t is the transmittance and R is the path length through the
transmission medium, This transmissometer system is calibrated to
measure received signal power, which can be numerically processed to
determine t, A, and «a.

A single-ended reflection transmissometer using a quadrature
receiver was chosen for this task on the basis that a single-ended
system may be operated and calibrated more easily (due to single-site

operation) than a two-ended system, and that a quadrature receiver




yields greater sensitivity. Another factor in choosing a single-ended

system is that the range can be changed by moving only the calibrated

target, as opposed to the entire receiver [2].

B. PRINCIPLE OF OPERATION

The principle of operation of the transmissometer is the following.
(Refer to Figure 2.1.) A 94 GHz signal is transmitted, reflected by a
calibrated target at a distance R, and received with unknown attenuation
and phase shift. The received 94 GHz signal is amplitude modulated,
This modulation can be performed in the transmitter before transmission,
or a continuous-wave signal can be transmitted and modulated by a
modulated target. (For more on the modulated target, see Appendix A.)
The requirement of the receiver is to produce at its output a DC voltage
which is proportional to the power of that 94 GHz signal and independent
of the phase of the returning 94 GHz signal. The returned power is
determined from the DC voltage and compared to the returned power under
conditions of negligible attenuation. If the two measurements are
performed at different ranges and/or with different targets, a simple
correction can be made for these changes as shown in Appendix C. The
ratio of these two powers (corrected if required) is the square of the
transmittance, and the attenuation in decibels caused by the
meterological condition occuring at the time the data was taken is given

by
A = -10 log, t (2.3)

which follows from Equation (2.2).
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Figure 2.1. Transmissometer system. (Block diagram,)




C. IMPLEMENTATION
1. Overview

This section explains the structure and operation of the
transmissometer. The reason for the choice of the particular
configuration will be more apparent after the signal and noise at

various ports of the system are considered in Chapter III,
2. The Transmitter

The transmissometer must transmit a modulated 94 GHz signal if the
system is used with a corner reflector, or a continuous-wave signal if a
modulated target is used. The 94 GHz signal is generated by a high
power (200 mW) continuous-wave IMPATT source (Hughes 47196H-11208) which
is injection-locked [15], by a highly stable, but lower power (10 mW),
94.000000 GHz phase-locked Gunn oscillator (Hughes 47746H-1001) (see
Fiqure 2.2). The stability of the Gunn oscillator is due to the fact
that it is phase-locked to a signal derived from a highly stable
97.07224 MHz crystal.

The injection-locking of the IMPATT device is performed in the
following way (refer again to Figure 2.2). The 94.000000 GHz signal
from the Hughes 47746H-1001 Locking Gunn oscillator passes through a
Faraday rotation isolator which protects the Locking Gunn oscillator
from possible signal reflection and leakage from the high power IMPATT
device, and which presents a well matched load to the Locking Gunn

oscillator. The locking Gunn signal then passes through a circulator
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and into the the IMPATT device to injection-lock it to 94.000000 GHz.
These devices are engineered as a unit; the Hughes 47196-11208
Continuous Wave Injection-Locked Amplifier unit consists of the Faraday
rotation Isolator (Hughes 45116H-1000), circulator (Hughes 45166H-1000),
IMPATT oscillator in temperature stabilized waveguide cavity, and
junction isolator (Hughes 45146H-1000).

By itself the IMPATT oscillator is not highly frequency stable,
being subject to thermal drift and having a rather broad output spectrum
(1 MHz at its 3 dB down points), However, when injection-locked, the
IMPATT oscillator is‘as stable in center frequency as the Hughes
47746H-1001 Gunn oscillator used to injection-lock it, and the output
spectrum is narrowed to that of the Hughes 47746H-1001 Gunn oscillator.
This also produces an increase in power of 10 dB at the center
frequency, since the IMPATT's energy is no longer spread over a wide
band but concentrated at the Gunn frequency. The y-junction isolator
(Hughes 45146H-1000) after the IMPATT oscillator protects both IMPATT
and Gunn oscillators from possible damage by signal reflection and
presents a matched load to the IMPATT oscillator.

The next item in the transmitter section signal path is a 10 dB
directional coupler (Hughes 45326H-1010), used to tap off an unmodulated
94.,000000 GHz reference signal needed in the receiver, This is followed
by a modulator (Hughes 45216H-1000) which is used to amplitude modulate
the 94,000000 GHz signal at 800 Hz when a corner reflector is used as a
target, or allow a continuous-wave signal to pass when the system is

used with a modulated target. Control of the modulator is provided by a




Hughes Ferrite Modulator/Leveler Supply (Hughes 47530H-5111) which can
be used to adjust the modulating frequency from 600 to 1300 Hz or allow
a continuous-wave signal to pass. If internal modulation is used, the
frequency is normally set to 800 Hz, a frequency chosen for convenience,
because it matches the modulating frequency produced by the modulated
target discussed in Appendix A.

The 20 dB directional coupler (TRG W559-20) which follows in the
transmitter signal path is used to tap off a calibration signal, which
is a modulated 94.000000 GHz signal when the modulator is turned on, for
use in testing and calibrating the receiver. The primary signal is then
sent to the TRG W822-24C twenty-four inch diameter, 53 dB gain, linearly
polarized, machined aluminum Cassegrain antenna (chosen on the basis of
availability), where it is transmitted towards the target.

The power delivered to the transmitting antenna is approximately 30
mW due to the insertion loss of the components and waveguide between the
IMPATT oscillator and the antenna. The insertion loss from each
component is as follows: Hughes 45166H-1000 circulator, 0.8 dB; Hughes
45146-1000 y-junction isolator, 0.8 dB; Hughes 45325H-1010 10 dB
directional coupler, 1.4 dB; Hughes 45216H-1000 full-band modulator, 2.5
dB; TRG W559-20 20 dB directional coupler, 1.4 dB; and 12 inches of
W-band silver waveguide, 1.2 dB., The total insértion loss in the

transmitter is

L,c = 8.1 dB . (2.4)

This corresponds to a transmittance of
tt = 0,15 . (2.5)

10




3. The Receiver

Because the phase of the incoming signal to the receiver is
unknown, it is essential that the performance of the receiver be
independent of phase. This is accomplished by the use of a quadrature
reeiver [16,17], whose name is a result of the fact that the signal is
broken down into in-phase and quadrature components, one proportional to
A sin(4) and one proportional to A cos(¢4), where ¢ is the unknown signal
phase. Note that by squaring and adding and filtering these two terms,
a signal proportional to A2 is obtained, independently of ¢. Now a
detailed explanation of the operation of the quadrature receiver is
given,

In Figure 2.3, it is seen that there are three RF inputs to the
receiver: the modulated 94.000000 GHz return from the target which is
incident upon the receiving antenna, the 94,000000 GHz reference signal
derived from the transmitter (see Figure 2.2) and the calibration
signal, which is also derived from the transmitter but which, unlike the
reference signal, is modulated since the transmissometer modulator is
normally turned on when the calibration channel is used. The receiving
antenna is a 12-inch, aluminum Cassegrain type of unknown origin, chosen
~on the basis of availability. The calibration signal will be discussed
in Section C.4 of this chapter,

Before examining the effect that the receiver has on the various
signals, it would be advantageous for the reader to refer to Plates 2.3,

2.4, and 2.5 in Section D of this chapter, which are labeled photographs

11
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showing the various components used in the transmissometer. Being
familiar with the physical Taycut of the transmissometer may help the
reader better visualize the operation of the system,

First consider the signal reflected from the target incident upon
the receiving antenna. This signal is a modulated, phase-shifted, and
attenuated version of the transmitted 94,000000 GHz signal. It is
mixed, in a TRG W9600-9 balanced mixer, with a 93,223942 GHz local
oscillator (L.0,.) signal, known as the Gunn L.0. signal, which is
derived from a second Hughes 47746H-1001 phase-locked Gunn oscillator,
operating at 93.223942 GHz. The mixer output is a modulated
intermediate frequency (IF) signal at 776.058 MHz, a frequency chosen on
the basis of low potential interference from authorized transmissions
near Dayton, Ohio.

This IF siqgnal is at a very low level and deeply buried in
broadband noise, therefore it must be filtered to reduce the noise
bandwidth (by a Texscan 5BD776/15-3 coaxial bandpass filter, refer to
Figure 2.4) and amplified by a 28 dB gain Avantek UTC10-115M integrated
amplifier). Care must be exercised so that neither the noise nor signal
saturate either the IF amplifiers or the following audio stages, as
discussed further in Chapter III. For this reason, a Telonic 8120S 100
dB step attenuator, adjustable in 10 dB steps is used to adjust the
signal levels, as discussed in Chapter III. The signal is then
amplified by another 28 dB gain Avantek UTC10-115M integrated amplifier
to its final IF level and split by a Mini-Circuits Lab ZAPD-1 3 dB zero

degree power divider for use in the in-phase and quadrature channels.

13




Now consider the unmodulated 94.000000 GHz reference input (refer
to Figure 2.3). This signal is mixed with the 93,223942 GHz Gunn L.O.
signal in a TRG W9600-15 balanced mixer, producing an unmodulated
776.058 MHz IF reference signal at the mixer output. This IF reference
signal and the modulated 776.058 MHz IF signal are coherent, because the
two 94,00N0000 GHZ signals used to produce the IF signals are both
derived from the IMPATT signal and the two 93,223942 GHz signals used
are both derived from the Gunn L.0. signal. Also, both the 94.000000
GHz and 93.223942 GHz signals are derived from the same 97.007224 MHz
crystal, This common frequency reference ensures that if one Gunn
signal drifts in frequency, ihat the other will drift with it, leaving
the IF signal frequency unchanged.

Refer now to Figure 2.4, The IF reference signal from the mixer is
attenuated by an Omni-Spectra 20510 fixed 10 dB attenuator, filtered by
a Texscan 5BD776/15-3 Coaxial bandpass filter, amplified by an ESL* 776
MHz, 33 dB gain amplifier (see Appendix D for circuit diagram),
attenuated by a Texscan RA-50 10 dB, one dB per step variable
attenuator (used to control the signal level), and amplified by a 37 dB
gain Avantek UTC10-109 integrated amplifier to the required level. It
is then split by a Mini-Circuits Lab ZAPDQ-1 3 dB, 90 degree power
divider to furnish the "L.0." signal to the Mini-Circuits Lab ZEM-2
double balanced mixers., To assure these two signals have exactly 90° of

differential phase shift, two Midisco MDC-1089-1 adjustable coaxial

*ETectroSciene Laboratory, The Ohio State University

14
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phase shifters have been included in the zero degree leg of the ZAPDO-1
output to allow for adjustment of the differential phase.

At the output of the ZAPD-1 zero degree power divider and ZAPDQ-1
90° power divider, there are four IF signals (refer to Figure 2.4). Two
are identical modulated IF signals obtained at the outputs of the zero
degree power divider, and the other two, obtained from the outputs of
the 90° power divider are identical unmodulated IF reference signais,
but with a 90° phase shift with respect to each other. Recall that both
modulated and unmodulated 776 MHz IF signals are obtained by mixing 94
GHz and 93.223942 GHz signals. Thus the modulated and unmodulated IF
signals are coherent, allowing them to be mixed to baseband to recover
the modulation. Hereafter, signals derived from the 0° output port of
the 90° power divider are referred to as "in-phase" or simply "I", while
signals derived from the 90° output port of the power divider are
referred to as "quadrature" or simply "Q".

The modulated 776,058 MHz signal contains the desired information
about the returned signal power, Mixing this modulated IF signal with
the unmodulated IF reference signal will yield a term at the 800 Hz
modulating frequency whose amplitude is proportional to the received
signal power, This is almost the desired result; however, it is shown
in the signal analysis in Chapter III that the amplitude of the 800 Hz
term in each channel is also dependent on the phase of the incoming
modulated 94.000000 GHz signal and additional IF phase terms, which are

unknown quantities., Thus it is necessary to establish a method by which
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the amplitude of the 800 Hz term can be determined independently of the
phase of the received 94,000000 GHz signal.

The amplitude of the 800 Hz term is determined by the following
method. Both in-phase and quadrature reference signals are used to mix
the modulated IF signal down to baseband, the 800 Hz modulation
frequency (refer to Figure 2.4). The resulting signals are processed
in the I (in-phase) and Q (quadrature) channels of the audio frequency
signal processing section (refer to Figure 2.5). After filtering to
remove noise, and amplification, the signals are squared and summed.

It is shown in Chapter III that the in-phase and quadrature
relationship of the signals in the I and Q channels has the effect of
making the amplitude A; of the 800 Hz term in the I channel proportional

to cos(¢),

A1 = A COS(¢), (206)

(where "¢" is the sum of the unknown RF and IF phase terms) and the
amplitude Aq of the 800 Hz term in the Q channel proportional to sin(¢),

Aq = A sin(¢) . (2.7)

By squaring the individual I and Q signals and then summing them, the
signal at the output of the summer is

A2cos2(¢) + A2sin2(¢) = A2 . (2.8)

which is the square of the amplitude of 800 Hz term, independent of the
unknown RF phase. Thus the result of mixing quadrature signals,
squaring and summing is that the square of the 800 Hz term is

recovered, independently of the RF and IF phase terms,
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Refer again to Figure 2.5. After the I and Q signals are summed,
the signal contains a DC term and a 1600 Hz sinusoidal term as a result
of squaring. Either of these terms could be used to determine the
received RF power, and because the required output is a DC signal, the
DC term would be simplest to use. However, Chapter III, Section C.3
shows that it is better to use the 1600 Hz term to improve the output
signal-to-noise ratio.

To convert the 1600 Hz signal to DC, the signal is high-pass
filtered to remove the DC component produced by squaring. It is then
synchronously detected and low-pass filtered to remove unwanted
harmonics and noise. The signal at the output, Vo,+ is a DC voltage
which is proportional to the square of the amplitude of the 1600 Hz term
and therefore proportional to the received RF power, Further numerical
processing may then be used to determine the attenuation over the path

length,

4. The Calibration Channel

The calibration channel (refer to Figure 2.6, a block diagram of
the calibration channel) is used only during calibration and trouble
shooting. It begins with the signal tapped off by a TRG W559-20 20 dB
directional coupler just before the TRG W822-24C transmitting antenna
(see Figure 2.2) and ends where the signal is coupled by a TRG W559-20
20 dB directional coupler into the receiver just after the receiving
antenna (see Figure 2.3). Included in the calibration channel are a

Hughes 45766H-~1200 phase shifter and TRG 510W/387 precision variable
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waveguide attenuator used in calibration and a Hughes 45526H-1000
waveguide switch to turn this channel off during normal operation.

Also, a signal is tapped by a TRG W559-6 6 dB directional coupler and
run through a TRG W551 resonant cavity waveguide frequency meter to a
Hughes 47326H-1011 flat-plate detector. The flat-plate detector is used
to monitor the transmitter power level and is also used in conjunction

with the frequency meter to monitor the transmitted frequency.

D. PHYSICAL DESCRIPTION AND SPECIFICATIONS

Front and side views of the transmissometer are shown in Plates 2.1
and 2.2, The components inside the transmissometer are shown in Plate
2.3, with Plates 2.4 and 2,5 giving close-up detail of the lower and
upper halves of the components seen in Plate 2.3, Table 2.1 gives

physical specifications of the transmissometer.
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TABLE 2.1
PHYSICAL SPECIFICATIONS

1. Height 56 inches (without wood base)
2. Width 20 inches (without wood base)
3. Depth 27 inches (without wood base)
4. Base height 5 inches
5. Base width 31 inches
6. Base depth 31 inches
7. Power supply + 15 VDC, 5 A
requirements - 15 VDC, 1 A
+ 24 VDC, 100 mA
28 VvOC, 3 A

+ 40 VDC, 500 mA
120 VAC, 60 Hz
120 VAC, 400 Hz, 0.5 A (with modulated target)

8. Operating

temperature 15° to 22° c*

9. Mounting Transmissometer must be firmly mounted in a
requirements position where both antennas will be kept free
(transmissometer) of moisture.

10. Mounting Target must be firmly mounted to avoid swaying
requirements or vibration in the wind, and must be kept free
(target) of moisture,

*Tt s recommended that this range be extended by installation of a
thermostatically controlled heater in the cabinet, see Chapter VI.




PLATE 2.1

TRANSMISSOMETER FRONT VIEW
(Absorber shrouds removed)

RECEIVING
ANTENNA

TRANSMITTING
ANTENNA




PLATE 2.2

TRANSMISSOMETER SIDE VIEW
(Absorber shrouds removed)




PLATE 2.3

OVERVIEW OF TRANSMISSOMETER COMPONENTS

SEE PLATE25
FOR DETAIL

P SEE PLATE 2.4
f FOR DETAIL

ELECTRICAL CONNECTION
TERMINALS




PLATE 2.4

DETAIL OF BOTTOM HALF OF PLATE 2.3

Hughes 47764H-1001 Phase-Locked Gunn Oscillator (Locking Gunn)
Hughes Faraday-rotation isolator

Hughes 45166H-1000 circulator

Hughes IMPATT oscillator

IMPATT heater

IMPATT voltage regulator

Hughes 45146H-1000 y-junction isolator

(Items 2 through 7 are included in the Hughes 47196H-1120B CW
injection-locked amplifier,)

8. Hughes 45326H-1010 directional coupler

9, Baytron 3-10-109S 50 dB fixed waveguide attenuator
10. TRG W9600-15 balanced mixer

11. Hughes 45216H-1000 full-band modulator

12. TRG W559-20 20 dB directional coupler

13, Baytron 3R-9/20 20 dB fixed waveguide attenuator
14, Hughes 47326H-1011 flat plate detector

15. TRG W551 Frequency Meter

16. TRG W559-6 6 dB directional coupler

17. Hughes 45766H-1200 variable phase shifter

18. Hughes 45526H-1000 waveguide switch

19, Texscan 5BD776/15-3 coaxial bandpass filter

20, Omni-Spectra 20510 10 dBR fixed attenuator

21, Hughes 44650H y-junction isolator

SN P WN -
L[]
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PLATE 2.5
DETAIL OF TOP HALF OF PLATE 2.3

(D (9 (909 (3 (2)
[/
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Hughes 47746H-1001 Phase-Locked Gun Oscillator (L.0. Gunn)
TRG 650W-387 H-Plane Tee

Telonic 8120S 100 dB step attenuator

Avantek UTC10-115M 28 dB amplifier

Texscan 5BD776/15-3 coaxial bandpass filter
Texscan RA-50 10 dB step attenuator

TRG 510W/387 variable attenuator

ESL 33 dB Gain 776 MHz amplifier

Avantek UTC10-109 37 dB gain amplifier (under 8)
TRG W559-20 20 dB directional coupler
Audio-frequency circuitry

TRG W9600-9 balanced mixer

MCL ZAPDQ-1 90 degree power divider

Midisco MDC 1089-1 adjustable phase shifters

MCL ZEM-2 Double Balanced Mixers

MCL ZAPD-1 Zero Degree Power Divider

Avantek UTC10-115M 28 dB amplifier

Merrimac PDM-20-250 3 dB power splitter

Techtrol HX0-178 97.007224 MHz Crystal with Oven,
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CHAPTER III
SIGNAL ANALYSIS

A. INTRODUCTION

This chapter examines the frequency, phase, and amplitude
characteristics of the signals processed by the receiver as well as the
power and spectral characferistics of the noise. The frequency and
phase characteristics are examined in part to show how the quadrature
receiver functions independently of the phase of the received signal,
but, more importantly, to develop an understanding of the waveforms and
phase relationships which will be useful in understanding and
trouble-shooting the receiver. The proportionality of the system output
Vout and the amplitude of the received signal Aj is discussed to
determine how well the system will hold calibration, Signal amplitude
characteristics are discussed to expose the points in the receiver where
non-linearities would occur if signal levels were too high and how to
guard against such non-linearities. Noise power is examined to assure
that the noise level is sufficiently low so that the noise does not
cause any non-linearity by saturating any component. The noise spectrum
is examined in the audio frequency section to show how the synchronous
detection process does indeed result in favorable signal-to-noise

characteristics at the system output.
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B. ANALYSIS OF SIGNAL FREQUENCY AND PHASE THROUGHOUT THE RECEIVER
1. Overview

In this section the operation of the receiver in terms of signal
frequency and phase is examined by tracing a test signal through the
receiver and observing changes in phase and frequency caused by various
components in the RF, IF, and audio frequency sections. It is shown
that the receiver functions properly independently of the received
signal phase, as expected. The NC output signal V,,¢ from the receiver
is shown to be proportional to the amplitude Ay of t;e received 94 GHz
signal, Because Figures 2.3, 2.4 and 2.5 will be referred to
extensively, it would be advantageous for the reader to have them

readily accessibly to him while reading this chapter.
2. RF Section

At point {1} in Figure 2.3, the signal received by the receiving

antenna is a modulated 94.000000 GHz signal of the form

v, = Alcos(w1t+¢1) [1+mcos(w3t+61)] (3.1)

where A; is the unknown amplitude, ¢1 is the phase of the 94 GHz signal,

m is the modulation index, 6 is the phase of modulating signal,

W = 27 x 94 GHz , (3.2)

and

Wy = 2r x 800 Hz R (3.3)
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where 800 Hz is the modulating frequency. In Equation (3.1) it is
assumed that the modulation is sinusoidal for the sake of simplifying
the analysis. The actual modulating signal is a square wave if the
internal modulator is used, and rnughly triangular in the case of the
modulated target described in Appendix A. The notation of sinusoidal
modulation can be used because all the additional sidebands are passed
by the receiver RF and IF sections just like the Wi term and the
harmonics are then removed by filtering in the audio frequency section.
At the TRG W9600-9 balanced mixer input, point {2}, there has been
attenuation and phase shift resulting in a signal of the same f;rm as
Equation (3.1), but with new amplitude A

replacing A, and new RF phase

2 1

¢2 replacing ¢1, so that

Azcos(wlt+¢2) [1+mcos(w3t+el)] . (3.4)

>
n

2 = t1A) (3.5)

and ty is the transmittance of the waveguide and directional coupler
between {1} and {2}. This signal is then mixed with the L.0. signal
from the Hughes 47746H-1001 93,223942 GHz phase-locked Gunn oscillator

which is of the form
V0.1 C,cos (wyt+es) (3.6)

where Cq is the L.0. signal amplitude, ¢3 is the unknown L.0. phase, and

W, = 2m x 93.223942 GHz . (3.7)
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Mixing these two signals yields a product term

vy = Clcos(w2t+¢3) Azcos(w1t+¢2) [1+mcos(w3t+el)] (3.8)

or
Vg = A2A3 {cos[(wl-wz)t+¢2-¢3]
+ cos[(w1+w2)t+¢2+¢3]} [1+mcos(w3t+61)]/2 . (3.9)

The cos[(w1+w2)t+¢2+¢3] term from Equation (3.9) can be dropped because,
at a frequency of 187 GHz, it is not passed through the preamplifier,

Thus, the modulated IF signal at point {4} is given by

Vg = Ay {cos[w4t+¢2-¢3]} {1+mcos(w3t+el)}/2, (3.10)
where

W = Wy-W, = 21 X 776,058 MHz , (3.11)
and

Ay = A6y , , (3.12)
where G1 is the RF-to-IF gain of the TRG W9600-9 mixer/preamplifier.

The voltage Va is the modulated 776.058 MHz signal input to the IF

signal channel (see Figure 2.4).

Performing a similar calculation when the reference input,

Vig * B1 coswlt . (3-13)
is mixed with the L.0, signal VL0-2 present at the TRG W9600-15
balanced mixer, where

VL0-2 = Czcos(w2t+¢5) . (3.14)

31




giv:s a product at the TRG W9600-15 balanced mixer output {15} after
again dropping the (w1+w2) term,

Vi5 = [BICZ/ZLc] [cos(w4t-¢5)] R (3.15)

where L. is the mixer conversion loss. Equation (3.15) represents the

unmodulated 776.058 MHz IF reference signal at point {15}.

3. IF Section

Returning to the modulated 776.058 MHz signal, after
preamplification in the TRG W9600-9 balanced mixer/preamplifier,
filtering with the Texscan 58D776/15-3 20 MHz tubular bandpass filter,
amplification via a 28 dB gain Avantek UTC10-115M amplifier, attenuation
with a Telonic 81205 attenuator, further amplification with another
Avantek UTC10-115M, and splitting by a Mini-Circuits Lab ZAPD-1 zero

degree power divider from points {3} to {9} in Figures 2.3 and 2.4, the

signal is =

Vg = Agcos(wyt+és) [1+cos(wat+6,)] . (3.16)
where

Ar = t G, t.G,t, A , (3.17)

5 27°2°373"4 "4

t2 is the transmittance of the Texscan 5BD 776/15-3 bandpass filter, G

is the gain of the first Avantek UTC10-115M amplifier, t

2

3 is the

transmittance of the Telonic 8120S attenuator, G, is the gain of

3
the second Avantek UTC10-115M amplifier, t4 is the transmittance of the
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MCL ZAPD-1 power divider, and ¢6 is by plus additional IF phase shift
introduced by the components from {3} to {9}.

Similarly, in the IF reference channel, after attenuation via an
Omni-Spectra 20510 fixed 10 dB attenuator, filtering with a Texscan
580776/15-3 tubular bandpass filter, amplification with a 33 dB gain
ESL-produced amplifier, attenuation via a Texscan RA-50 10 dB step
attenuator, amplification by an Avantek UTC10-109 37 dB gain amplifier,
and splitting with a Mini-Circuits Lab ZAPDQ-1 90° power divider, the

signal from the zero degree port is

Viga = Bp COS(Wyt-9;) R (3.18)

and that from the 90° port is

Vigp = 82 cos(w4t-¢7-w/2) , (3.19)

where

82 = t5t664t765t881C2/(2Lc) ’ (3.20)

and t5 is the transmittance of the Omni-Spectra 10 dB fixed attenuator,
t6 is the transmittance of the Texscan bandpass filter, G4 is the gain
of the ESL amplifier, t7 is the transmittance of the Texscan step
attenuator, G5 is the gain of the Avantek UTC10-109 amplifier, t8 is the
transmittance of the MCL ZAPDQ-1 90° power divider, and ¢7 is ¢5 plus
further IF phase shift introduced by components from {15} to {19}.

Thus Equation (3.16) represents the modulated IF signal at {9} and
Equations (3.18) and (3.19) represent the in-phase and quadrature

unmodulated IF reference signals, repsectively, at {19}, These signals
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are then mixed in Mini-Circuits Lab ZEM-2 mixers to yield the modulation
in the audio frequency range. The result of mixing Vg with ¥19a is the

in-phase (I) audio frequency signal and contains a term

Vig = [AS/chj cos(w4t+¢7) cos(w4t+¢6)
X [1+mcos(w3t+el)] (3.21)
= [A5/2LC2] [COS¢6'¢7)
+ cos(2w4t+¢6+¢7)] [1+mcos(w3t+61)] (3.22)

at point {10}, where Lc? is the conversion loss in the MCL ZEM-2 double
balanced mixer., Similarly, the result of mixing Vg with Y19p is the

quadrature (Q) audio frequency signal and contains a term

Voq = [AS/LCZJ cos(w4t+¢7-ﬂ/2)
X cos(w4t+¢6) [1+mcos(w3t+61)] (3.23)

= [Ag/2L_,] [cos(¢g-,+7/2)
+ cos(2w4t+¢6+¢7-n/2)] [1+mcos(w3t+el)] (3.24)

at point {20}, where ch can be considered to be the same as in Equation
(3.22), due to the use of mixers whose insertion loss varies by less

than 0.2 dB between mixers.

4. Audio Frequency Section

Refer now to Figure 2,5. In the I channel, V10 is amplified and

then processed by a low-pass filter which acts as an anti-aliasing
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filter for the digital bandpass filter, centered at 800 Hz, which
follows in the signal path. The signal at point {11} is

Vi1 ® A6 cos(¢8) cos(w3t+el+62) (3.25)

where 62 is an audio frequency phase shift introduced by the bandpass
filter, GG is the gain of the amplifier and bandpass filter from {10} to

{11}, and A_ and $g are defined by

6
Rg = AgnGg/2L , (3.26)
and
¢8 = ¢6 - ¢7 . (3.27)

At this point it becomes clear that the amplitude of this signal is

dependent upon the cos(¢8) term in Equation (3.25) which is a function

of the phase terms associated with the RF and IF signals. These phase

terms are unknown and can be time~varying. Thus, the amplitude of the

800 Hz term must be determined without these unknown phase terms, a

function which a quadrature receiver is designed to perform.
Amplification of the signal at {11} yields

Vip = A7 cos(¢8) cos(w3t+el+92+62) . (3.28)

where

A7 = G7A6 s (3.29)

G7 is the amplifier gain from {11} to {12} and 93 is an additional phase
shift introduced by the coupling capacitors. Squaring the signal yields

at {13}
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Vi = [(A7)2/10] cosz(¢8) cosz(w3t+el+e3) R (3.30)

where the factor of 10 in the denominator is introduced by the squarer,
This signal will be summed with the Q (quadrature) channel signal,

Refer now to the Q channel. In the same fashion as the I channel,
the signal, Vao? is amplified and processed by a low-pass, anti-aliasing
filter and then bandpass filtered to yield at {21}

Vo1 = A6 cos(¢8+w/2)cos(w3t+el+92) , (3.31)

where 62 is an audio frequency phase shift introduced by the bandpass

filter., Amplification of the signal yields at {22}

Vop = A7 cos(¢8+n/2) cos(w3t+el+62+e3) (3.32)

where

A7 = AGG7 ’ (3.33)

Gy is gain of the amplifier from {21} to {22} and 63 is the additional
phase shift introduced by the coupling capacitors. The I and Q channels
of the audio frequency circuitry have been tested to ensure the Ay, 6o
and 63 in Equation (3.22) are the same as Ay, 67 and 83, respectively,

in Equation (3.28). Squaring the signal yields at {23}

Vog = [(A7)2/10] c052(¢8+n/2)cosz(w3t+el+ez+e3) . (3.34)
but since
cos (x+w/2) = -sin(x) . (3.35)

Equation (3.34) can be rewritten as

Vo3 = [(A7)2/10] sin2(¢8) cosz(w3t+el+92+e3) . (3.36)
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Then the outputs of the I and Q channels, V13 and Vpqs are summed
to produce at {24}
= 2 2
Vou C(Ay) /10] cos (w3t+el+92+e3)
x [sinZ(¢g)+cos2(4g)] , (3.37)

or since

sin2(¢8) + cosz(¢8) =1 . (3.38)

Equation (3.37) can be rewritten as

= 2 2
Vou [(A7) /107 cos (w3t+el+ez+e3) . (3.39)

Thus by using the quadrature signal, squaring, and summing, the signal
is rid of dependence on the RF and IF phase terms represented by ¢g5 and
the amplitude of the 800 Hz term can be determined independently of the
unknonw RF and iF phase terms,

Expanding the cos? term in Equation (3.39), the equation can be

rewritten as

Vo = [(A;)2/20] [1+cos (2w t+20,420,+20,)] (3.40)

which shows that the signal contains terms at two frequencies, at DC and
twice the modulating frequency. It is possible to determine the
magnitude of the modulation from either of these terms, but the 2w3 term
will be used, since using this term reduces the noise, as will be shown
in the discussion of the squarer in Section C.3 of this chapter. To
remove the DC term, the signal is high-pass filtered. The signal is
then processed by a synchronous detector, which is further discussed in
Section C.3 of this chapter. This detection, which is performed using a

synchronizing signal derived from the modulation source (modulated
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target or Hughes modulator), results in the signal having a DC value,
while the noise, though inverted each half cycle, remains zero-mean so
that it can be reduced by a low-pass filter. The output of the low-pass
filter at {25} is the system output Vout and is proportional to the
[(A7)2/10] term in Equation (3.40), which is proportional to (Al)z, the
square of the amplitude of the received 94 GHz signal, in the following
way:

2
k (t1t2t3t4 GIGZG3GGG7)

vOUt = 10 (ZL 2)2 (Al)z ’ (3041)

where k is the proportionality term introduced by synchronous detection
and low-pass filtering, The atmospheric attenuation, A, along the path

can be determined from the ratio of Al-test’ the value of A1 under test

conditions, to A the value of A1 under clear-air conditions.

l1-clear?®
Using Equation (3.41), this can be calculated using the ratio of

vout-test’ the value of vout under test conditions, and vout-c]ear’ the
value of Vout for negligible attenuation as in Equation (3,42*):
2
Vout-test (Al-test) ( )
= 3.42
2 .
Vout-c]ear (Al-clear)

The accuracy of Equation (3.42) depends on whether or not the

proportionality terms in Equation (3.41) remain constant from the time

that V is recorded until V is recorded. Table 3.1

out-clear out-test
lists each proportionality term in Equation (3.41) and its expected

stability.

¥It is assumed here for simplicity that all system parameters remain the
same, Corrections for the case when this is not true are discussed in
Appendix C; they do not affect the stability considerations discussed
here,
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TERM

TABLE 3.1

PROPORTIONALITY TERMS

SOURCE

Transmittance Terms:

t

ts
t3

ta

Waveguide and directional
coupler from {1} to {2}

Texscan bandpass filter
Telonic attenuator

MCL ZAP-1 power divider

Gain Terms:

Gy

TRG W9600 Mixer/Preamp.

Avantek UTC10-115M
Avantek UTC10-115M

Audio-freq. amp and
bandpass filter {10}-{11}

Audio-freq. amp. {10}-{11}

Misc, Terms:

k

Le2

c.

synchronous detector

MCL ZEM-2 mixers

Audio-freq. squarer

STABILITY

constant

constant
constant

constant

depends on L.O.
value, Cy2

i+

0.2 d8, -25 to 30°

I+

0.2 d8, -25 to 30°

see note b,

see note b.

see note b,

Depends on IF ref,
value, B,C

see note b,

See text below for discussion of Cj.

See text below for discussion of audio-frequency
circuitry temperature dependence.

See text below for discussion of Bp.
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The value of Cl, the amplitude of the L.0. Gunn Oscillator, is
constant below 30° C and changes by -0.05 dB/°C from 30 to 50° C., The
value of G1 can therefore be considered constant.

The individual components of the audio-frequency circuitry have not
been tested to determine their stability. However, it has been noted
that temperature increase produced by briefly heating the circuit
boards, which were initially at room temperature, with a heat gun caused
a 3 dB decrease in Vout‘ Correction of this problem is one of the
recommendations of Chapter VI,

The value of BZ’ the unmodulated 776.058 MHz reference signal used
at the L.0. signal for the MCL ZEM-2 double balanced mixers, is
dependent on the values of the reference channel proportionality terms

as shown in Equation (3.43),

B2 = t5t6t7t8646581C2/2LC s (3.43)

where t5’t6’t7 and t8 are the transmittance of the Omni-Spectra 10 dB
fixed attenuator, Texscan filter, Texscan attenuator, and MCL ZAPDQ-1
power divider, respectively, and can be considered constant, The
symbols G4 and G5 denote the gains of the ESL-produced amplifier, an
Avantek design using Avantek GPD-402 integrated circuits (see Appendix
D), and the Avantek UTC10-109 amplifier. Both are subject to +0.2 dB
gain variations over -25 to +30° C, which can be considered negligible,
The 94 GHz reference signal amplitude R1 can be considered constant, as
it is derived from the IMPATT amplifier, which remains at a constant

temperature because of the IMPATT heater, The drift of Cz can be
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considered negligible, as it is subject to the same specifications as
Cl. The conversion loss LC in the TRG W9600-15 balanced mixer depends
on the value of C2 and thus can be considered stable. Since all the
terms in Equation (3.43) are stable, the voltage B2 can be considered a
stable quantity.

Thus, the proportionality terms in Equation (3.41) remain constant
with the exception of the terms from the audio-frequency circuitry.
Future design changes might include a thermostatically controlled heater
to keep the audio-frequency circuitry at a constant temperature, or
redesign of the circuitry to eliminate the problem.

One further point must be noted with regard to the performance of
the receiver with varying phase. In the preceding analysis, the RF and
IF phase terms ¢1,¢2, etc., were considered to be arbitrary, but
constant., However, this is not always a good asumption because the
phase is subject to slow variations with temperature and possibly rapid
variations due to changes in the target range (as the result, for
example, of the target vibrating or moving slightly from a strong wind).

Such a time-varying phase term will not affect the RF or IF
performance, but will be noticed in the audio frequency section.
Consider Equation (3.22), which gives v10’ the input to the I channel.
If one of the RF or IF phase terms is time-harmonic with an angular

frequency w, the equation for Y10 is
Vig © [AS/Lc] cos(w4t + ¢7) cos(w4t +4g + 8B sinwt)

x [1 +m cos(w,t + 8;)] (3.44)
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or

Vip = [A5/2Lc] [cos(¢6 -4, +8 sinwt)

+ cos(2w4t * gt 0y 8 sinwt)S (1 +m cos(w3t + el)].

The w,t term in Equation (3.45) can be dropped because, at a frequency

of 1552 MHz, it is not passed through the bandpass filter. Expending

the cos(¢6 -4, + 8 sinwt) term in Equation (3.45) yields

Vig = [AS/ZLCJ cos(4>6 -4, + 8B sinwt) 1 + m cos(w3t + ¢1)],

(3.46)
which can also be written as
Vip = [A5/2Lc] [cos(¢6 - ¢7) cos(B sinwt)
+ sin(¢6 - ¢7) sin(8 sinwt)] [1 + m cos(w3t + ¢1)]. (3.47)

Expanding the cos(8 sinwt) and sin(8 sinwt) terms in Equation (3.47)
yields

Vi * [A5/2Lc] {COS(¢5 - ¢7) [JO(B) + 2J2(8) cos2wt
+ 2J4(3) cosdwt + .., 1+ sin(¢6 - ¢7) [ZJ1 (8) sinwt
+ 2J3 (8) sin3wt + ... N [1 +m cos(w3t + 91)], (3.48)

where Jn(e) is the Bessel function of the first kind of order n.
Equation (3.48) has terms at OC, Was Wy Wa-W, Wot, Iw, w3-2w, w3+2w,
W, W3-3w, Wy+3w, etc. The desired w, term is now weighted by Jo(8).

For small 8, Jo(s) is near unity, but 8 is unknown and therefore the
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value of the Wy term is unpredictable. In addition to this, depending
upon the value of w, unwanted terms may pass through the bandpass
filter, add to the Wq term and produce inaccurate results.

Under normal conditions, no problem of this nature was observed
while using the system with a corner reflector. However, such a problem
has been observed using a hand-held corner reflector as a target, and
also with a corner reflector anchored to a ladder in a very strong wind.
It is therefore recommended that the target be well fastened to a very

firm support. The problems encountered with the modulated target may

also be related to this effect (see Appendix A).

C. ANALYSIS OF SIGNAL AMPLITUDE, NOISE POWER, AND SPECTRAL
CHARACTERISTICS IN THE RECEIVER

1. Signal Amplitude

As previously stated, the amplitude characteristic of the signals
in the receiver must be known so that no component is driven into
non-linear behavior., Table 3,2 lists the various components in the
receiver I.F. signal channel, along with the maximum input power in dBm
for which the device retains its linear behavior, the signal power in
dBm at the input (assuming a power P, dBm at the TRG W9600-9
mixer/preamplifier input), and the device gain (positive) or insertion
loss (negative) in dB.

Using Table 3.2, it is seen that only the TRG W9600-9
mixer/preamplifier, the two Avantek UTC10-115M amplifiers and the MCL

LEM-2 double balanced mixer play a role in determining the maximum
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allowable signal levels in the receiver, since all other components have
much higher power handling capabilities,

As an example, assume P> = -80 dBm and follow the signal level
through Table 3.2. The first critical component in the signal path is
the TRG mixer/preamplifier. With Pp = -80 dBm, the mixer/preamplifier
input is 56 dB below its maximum allowable value, and therefore the
device remains linear. The second component to consider is the first
Avantek UTC10-115M amplifier. With P, = -80 dBm, the input at the

Avantek is

P. =P

5 + 20 d8 = -60 dBm, (3.49)

2

which is about 40 dB below its maximum allowable input of -21 dBm, so
this amplifier is also operating in its linear range. The next critical
component in line is the second Avantek amplifier, whose input power,

with Ajf set to zero, is

P, + P

7 + 47,75 dB - Ai

= =32.25 dBm R (3.50)

2 f

which is about 12 dB below the maximum allowable input of -21 dBm, also
in its linear range., The next component to consider is the MCL ZEM-2

double balanced mixer, whose input power is

p = P + 72.5 dB - Aif = "705 dBm’ (3.51)

9 2

which is just below the maximum allowable input for linear operation,

Therefore each IF component operates in its linear range for

P2 < -80 dBm, when Ajf = 0,
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TABLE 3.2
SIGNAL POWER LEVELS IN THE RECEIVER IF SIGNAL CHANNEL

Device Maximum Input for  Signal Power Device Gain or
_Llinear Operation at Input (dBm) Insertion loss

TRG W9600-15 -24 dBm Pod + 24 d8
Mixer/Preamp
Texscan Tubular +30 dBm Pg = Pp + 24 dB - 4.0 d8
Filter
Avantek UTC10-115M -21 dBm Ps = Po + 20 dB + 28 dB
Integrated Amplifier
Telonic 8120S +27 dBm Pg = Po + 48 dB -0.25 dB
Step Attenuator
Aie
Avantek UTC10-115M -21 dBm Py = PX + 47,75 dB  + 28 dB
Integrated Amplifier -Aif
MCL® ZAPD-1 +40 dBm Pg = Py + 72,75 dB  -3.25 dB
0° Power Divider 'iif
MCL ZEM-2 - 7 dBm Pg = Pp + 72,5 dB
Double Balanced Mixer ‘Kif

a. Pa, Pg, etc., refer to the power level at points 2, 4, etc., in
Figures 2.3 and 2.4.

b. A-; is the attenuation setting in dB of the 0 to 100 dB Telonic
81 0S 10 dB step attenuator,

c. MCL denotes Mini-Circuits Lab.
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Should Py ever be larger than -80 dBm, the Telonic step attenuator
may be used to adjust Aj¢ such that the input power levels to the
components which follow in the signal path is acceptable. One must be
cautious though, since adjusting Aj;f will only reduce the signal level
after the Telonic attenuator. Thus, the power input level to the TRG
mixer/preamplifier and the first Avantek UTC10-115M amplifier may be too
high, Using Table 3.2, it can be seen that a power level of Py = -41
dBm, with Aj¢ = 40 dB, results in a -21 dBm input at the first Avantek
UTC10-115M amplifier, the maximum allowed, Thus P, = -41 dBm is the
maximum for linear operation., Therefore, if a setting of greater than
40 dB is required for the Telonic attenuator, the first Avantek
amplifier is saturated. A test for linear operation is given in Chapter
V, Section C.4. The value of Py depends on the range and the
reflectivity of the target. Figure 3.1 shows Rpjp, the minimum range,
versus the radar cross section, o, of the target. This was calculated
using the radar equation (Equation 4.2), with the following parameters:
P4=0.2 watts, Gy=105+3, G.=10%7, 1=3,19x10-3 meters, t{=0.15, and
tr=0.6, The Telonic attenuator setting was assumed to be 40 dB and the
theoretical triangular trihedral corner reflector sizes are calculated

from the equation given in Figure 4.3,
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Figure 3.1. Rpjn versus theoretical radar cross section of target.
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The audio frequency circuitry has been designed so that is will
remain in its linear range as long as the input to the ZEM-2 double
balanced mixer is below -7 dBm., Thus, for an input to the TRG W9600-9
mixer/preamplifier of Pp = -80 dBm and with Ajf set to zero, the audio
frequency circuitry output is its maximum linear output value of 10.0
vDC.

Therefore there is no dange of overdriving any part of the system
provided the minimum range of Figure 3.1 is not exceeded and the Telonic
IF attenuation is set so that the output voltage V,,¢ does not exceed 10

volts. Note that a measurement should always be begun with the Telonic

attenuator set at maximum attenuation, and the attenuation should then

be reduced gradually to bring V,,t into its proper range,

Refer now to the IF reference channel (see Figures 2.3 and 2.4).
The required signal level at the input to the MCL ZAPDQ-1 90° power
divider is +10 dBm, or 10 mW, so that the MCL ZEM-2 double balanced
mixers will be properly biased. Therefore the Texscan RA-50 zero-to-ten
dB, one-dB-per-step rotary attenuator must be adjusted so that the +10
dBm level is present at the MCL ZAPDQ-1 90° power divider input after
the signal is filtered by the Texscan 5BD776/15-3 tubular bandpass
filter and amplified by the 33 dB ESL-produced amplifier and 37 dB
Avantek UTC10-109 amplifier. The proper setting of the Texscan RA-50
attenuator has been determined experimentally to be 3 dB.

A question that may occur as the IF reference channel is studied is
the purpose of the Baytron 3-10-109S 50 dB fixed waveguide attenuator

(refer to Figure 2.3). It appears to do nothing more than attenuate the
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unmodulated reference signal at 94 GHz, thus requiring the signal to be
amplified more in the IF reference channel, It is, in fact, true that
more IF amplification is needed because of the reduction of the 94 GHz
reference by the Baytron fixed attenuator; however, the attenuator is
required to control leakage of the unmodulated 94 GHz reference signal
into the signal channel. It may not be obvious, but some of the
reference signal entering the RF port of the TRG W9600-15 balanced mixer
passes out of the LO port, through the Hughes 44650H y-junction
isolator, through the TRG 650W-387 H-plane tee and into the LO port of
the TRG W9600-9 balanced mixer/preamplifier, where it is converted to an
unmodulated 776.058 MHz signal, The fact that this signal is
unmodulated means that it will be ignored by the signal processing
circuitry, which only responds to 800 Hz modulation, as long as the
unbmodulated 776.058 MHz leak is at a low enough level so that it does
not saturate any components in the IF signal channel, Thus the Baytron
3-10-109S 50 dB fixed waveguide attenuator is used to insure that the
leaking unmodulated 776.058 MHz signal remains at a harmlessly low
level. The Hughes 44650H y-junction isolator serves the same purpose.
Together, they reduce the leaking signal to a level of -130 dBm at the
TRG W9600-9 mixer/preamplifier input, 50 dB below where it would cause

any component to saturate,

2. MNoise Power

In theory, noise contributions in the IF signal channel may come

from several sources, such as antenna noise, noise from lossy waveguide,
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mixers, amplifiers, and attenuators. However, more careful
consideration and experimental results show that the only significant
source of noise in the signal channel is the contribution from the TRG
W9600-9 mixer/preamplifier. Theoretically, the contributions to noise
of all components after the mixer/preamplifier are insignificant. To
show that the antenna noise is negligible, the IF noise spectrum was
observed with the receiving antenna first pointed into free space and
then short circuited at the feed horn; no difference in IF noise level
was observed. The TRG W9600-9 mixer/preamplifier contribution to the

noise is calculated to be

N = kToF, (W/Hz) (3.52)
where

k = 1.38 x 10723 (Boltzmann's constant), (3.53)

T0 = 290 K, (3.54)
and

FdB = 4,6 d8B, (3.55)
or

F = 2.88 (numeric) (3.56)

is the TRG W9600-9 mixer/preamplifier standard noise figure. The total

noise spectral density is then

N =11.5 x 1072 (w/Hz). (3.57)
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After the preamplifier, with a gain of 24 dB, the noise spectral

density is

N =2.90 x 10718 (w/Hz). (3.58)
and the noise power is

Py = 2.9 X 10°18 (w/Hz) x 900 x 10° (Hz)

= 2.6 x 1077 (W) (3.59)

at point {4} in Figure 2.3 and is spread over the entire 100 to 1000 MHz
bandwidth of the preamplifier. If there were no filter to remove this
noise, with Aj¢ set to zero, the noise power at the ZEM-2 double

balanced mixer would be

P g =10 10g(2.6 x 10°9/1073) + 48.5 dB = -7.3 dBnm, (3.60)

which is approximately the allowable signal level! Thus the Texscan
5BD776/15-3 tubular filter is essential in reducing the total noise
power, With the filter in the signal path, the noise power is reduced
by 16.5 dB, so that the noise level at the ZEM-2 should be an acceptable
-24 dBm (measurements show a -20 dBm noise level at this point). Note
that signals on the order of -40 dBm are likely to be present also at
the ZEM-2 input, so that the reduction of noise by the Texscan filter
cannot be the final noise reduction if a satisfactory signal-to-noise
ratio is to be achieved. It only assured that no components will be
saturated by noise., The final stages of noise reduction are not

performed until low-pass filtering of the synchronous detector output.
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The noise in the IF reference channel is also dominated by the TRG
W9600-9 mixer contribution. However, since the unmodulated signal in
this channel is more than 30 dB above the noise, the noise can be

neglected.

3. Noise Spectral Characteristics

This section examines the spectral characteristics of the noise in
the receiver, focusing on the audio frequency section in order to show
how signal-to-noise ratio at the system output relates to the system
configuration and parameters. Two questions must be considered. The
first concerns the output of the audio frequency summer (refer to Figure
2.5). This output contains, as a result of squaring the detected 800 Hz
modulating signal, two terms of interest. As shown by Equation (3.40),
one term is at DC and the other at 1600 Hz, twice the modulation
frequency, and both are proportional to the 94 GHz power returned from
the target. Which term should be used? The detailed analysis, below,
of the effect of the squarer on signal and noise shows that the 1600 Hz
term is the more decirable term to use. The second question to be
examined is whether full wave rectification or synchronous detection to
convert the 1600 Hz signal to DC produces a better signal-to-noise ratio
at the system output. Examination of the signal and noise spectra in
the receiver are necessary to answer these questions,

The one-sided signal-plus-noise spectrum, 2Sg.n, at the output of
the MCL ZAPD-1 zero degree power divider, point {9} (refer to Figure

2.4), is shown in Figure 3.2, Figure 3.3 is a close-up version of
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Figure 3.2. Signal-plus-noise spectrum at MCL ZAPD-1 power divider
output, point {9}.
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Figure 3.3. Close-up of modulated 776 MHz signal in Figure 3.3, showing
carrier and sidebands.
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Figure 3.4. Signal-plus-noise spectrum at ZEM-2 double balanced mixer
outputs, points {10}, {20},
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Figure 3.5. S;gna1-p1us-noise spectrum at squarer input, points {12},
{221.
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Figure 3.2, showing the 776 MHz carrier and the modulation sidebands.
The MCL ZEM-2 double balanced mixers have two inputs, denoted "RF" and
"L.0.," and one output denoted “IF." These are not the RF, L.0.,, and
IF signals mentioned previously; hence the “RF," "L.0.," and “IF"
signals associated with the ZEM-2 double balanced mixers will be left in
quotation marks. The mixers operate such that the output is equal to
the "RF" (modulated 776.058 MHz IF signal) input multiplied by a square
wave at the "L.0." (unmodulated 776.058 MHz IF reference) frequency
[18]. Since the "L.0." square wave can be decomposed into a fundamental
plus harmonics, but 6n1y the difference frequency of the fundamental and
the "RF" signal falls within the passband of the audio frequency section
which follows, this has the effect of shifting the "RF" (modulated
776.058 MHz IF) signal to baseband (i.e., recovering the modulation), as
if the "RF" signal were simply multiplied by a sinusoidal signal at the
“L.0." frequency. Figure 3.4 shows the signal-plus-noise spectrum at
the MCL ZEM-2 double balanced mixer outputs {10}. The output at point
{éO} could also be considered, but since the processing in the I and Q
channels is identical, the same result is obtained. Figure 3.5 shows
the signal-plus-noise spectrum at the input to the squarer, point {12}
(refer to Figure 2.5), where ¢2/10 is the noise power per unit bandwidth
(watts/Hz). The bandwidth has been reduced greatly by the digital
filter,

The analysis of the squarer's effect on signal and noise follows
Schwartz {19} and Blachman {20}, At the input to the squarer, the

signal voltage present is
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u(t) = s(t) + n(t), (3.61)

where

s(t) = A cos(wpt + 8) (3.62)

i

and n(t) is narrow-band noise. The shape of the power spectral density
of n(t) is determined by the digital filters and is sketched in Figure

3.5. The output voltage of the squarer at {13} is
v(t) = [s(t) + n(t)]2 = s2(t) + 2s(t)n(t) + n2(t). (3.63)

The s2(t) term is the only term which contributes to output signal;
the 2s(t)n(t) and n2(t) terms both contribute to output noise only.
Therefore, the output signal spectrum is the spectrum of the s2(t) term,

2Sgxs(f), given in Equation (3.64),

4 4
ZSsxs(f) =1/8 A G(f-me) + 1/4 A§(F), (3.64)

where §(f) is the impulse function and fy is the modulating frequency.
This spectrum is shown in Figure 3.6. The 2s(t)n(t) term contributes

noise whose spectrum at the squarer output is denoted by 2S¢.n(f),

2 22
25, (F) = 28°S (f-f ) + A°a"8(f), (3.65)

where o2 is the average noise power at the squarer input and Sp(f) is
the noise power spectrum at the squarer input, shown in Figure 3,5, The
spectrum represented by Equation (3.65) is shown in Figure 3,7. The
spectral contribution of the n2(t) term is 2S,,,(f), given in Equation
(3.66),
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Figure 3.6. SxS spectrum at squarer output.
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Figure 3.7. SxN spectrum at squarer output.
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25 o(f) = 4 S (f) * S (f) + o*s(f), (3.66)

where * indicates convolution, The spectrum represented by Equation
(3.66) is shown in Figure 3.8. The sum of Equations (3.64), (3.65), and

(3.66) equals the spectrum of v(t), 2S,(f), given in Equation (3.67).
- 4
st(f) =1/8 A G(f-me) + 4 Sn(f) * Sn(f)

+ 2A25n(f-fm) + (178 A% 5+ 2262 &+ oY) s(f) (3.67)

It is shown in Figure 3.9.

The output spectrum shown in Figure 3.9 is valid at the summer
output {24}. It will now be shown why it is desirable to use the signal
located at 1600 Hz rather than the signal located at NC to determine the
(A7)% term in Equation (3.40), and thus the amplitude of the returned RF
signal., Observe that in Equation (3.67), there are three NC terms:
1/4A%, A202, and o*, Of these three, only the first term is
unambiguously related to the signal. Both A2¢2 and ¢* terms are noise
terms, in the sense that their presence in the output injects an
uncertainty, depending on o, into the input/output relationship of the
system. From Figure 3.9 it is clear that the signal-to-noise ratio at
this point (the summer output, {24}) can be improved by low-pass
filtering to remove the noise around DC, However, since there is an
impulse function noise term located at DC, i.e., a noise term with the
same functional dependence as the DC signal term, it is impossible to
remove this noise by filtering., In fact, the DC noise terms account for

one half of the total noise in the DC to 10 Hz band independently of the
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Figure 3.9. Signa]-p1us-noise spectrum at squarer output, points {13},
{23}. .
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signal level, so the best signal to noise improvement possible by
filtering is only 3 dB. It is clear that the problem is the noise terms
at DC, which can not be separated from the signal. Thus it is desirable
to find an alternate method of determining the signal level.

This alternate method is to observe the signal at 1600 Hz rather
than DC, Equation (3.67) shows that the only term at 1600 Hz is the A%
term, which is a signal term. There is noise around 1600 Hz, from 1590
Hz to 1610 Hz, as can be seen in Figure 3.9, but there is no &§(f-1600
Hz) noise term; so in this case reducing the bandwidth can substantially
reduce the noise and therefore improve the signal-to-noise ratio. All
that remains is to convert the 1600 Hz signal to DC in such a way that
the noise bandwidth can be reduced by low~pass filtering. (In
principle, one could filter at 1600 Hz and then rectify, but in practice
it is difficult or impossible to obtain the required narrow bandwidth,)

Two methods of converting the 1600 Hz sinusoidal signal to DC were
considered. The first is simply to full wave rectify the sinusoid and
low-pass filter the resulting signal to yield a DC value, However, this
method suffers under low signal-to-noise ratio conditions. For example,
take the case where there is noise present, but no signal. The full
wave rectifier will then rectify the previously zero-mean noise,
resulting in an average DC noise term at the low-pass filter outpu*.
This solution is unsatisfactory, since the reason for using the 1600 Hz
term is to eliminate DC noise terms. Thus it is necessary to use

another method of converting the sinusoid to a 0OC value,
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The method used is synchronous (coherent) detection. The
synchronous detector inverts the 1600 Hz sinusoid every half cycle, thus
performing essentially the same function on the sinusoid as the full
wave rectifier (see Figure 3.10)., The synchronizing square wave is
derived from the modulation source and its phase must match that of the
sinusoid. (Phase adjustment is provided.) The difference between the
full wave rectifier and the synchronous detector is in their effect on
noise., While full wave rectified noise has a DC component, noise
processed by the synchronous detector does not, as will be discussed
heuristically and shown rigorously. The reason is that the noise in the
synchronous detector is only inverted every half period, which does not
change its zero-mean characteristic, Thus it is possible to low-pass
filter the output of the synchronous detector and remove as much of the
noise as is desired. An additional advantage of the synchronous
detector is that is provides the removal of the quadrature component of
the noise at 1600 Hz after low-pass filtering., The output spectrum of
the synchronous detector near DC is shown in Figure 3.11, and is derived
as follows, Let the synchronous detector input vi(t), shown in Figure

3.10, be

vi(t) = A cos(wt + o), (3.68)

where

w = 2% x 1600 Hz (3.69)

in this case. The square wave, vs(t), is
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Figure 3.10., Synchronous detector operation.
.8
Q 5 10 f, Hz

Figure 3.11.

Signal-plus-noise spectrum at synchronous detector output,
point {25}.

62




® _y cos[(2n-1)w]
AU (0" —5 : (3.70)

The detector output is the product of these terms,

vl(t)vs(t) = A cos(wt + 0)coswt - [A/3]cos(wt + 8)cos3wt

+ [A/5]cos(wt + B)cosbwt - ... , (3.71)

where only the first term produces a DC term, Expanding the first term

of Equation 3,71 yields

Vout = [A/2][cos(8) + cos(2wt + 8)]. (3.72)

After low-pass filtering, Vy,¢ is
Vout = [A/2] cos(s8), (3.73)

where adjustment is provided to set 6 to zero. In the same way that the
synchronous detector shifts the frequency of the 1600 Hz signal, the
noise is shifted from its position around 1600 Hz to DC. Note that
there is no impulse noise term at DC in Figure 3,11, indicating that
using the 1600 !'7 term and synchronous detection performs the task it
was asked to do, yielding a DC signal with no impulsive DC noise term.
The noise in the 0-10 Hz band is reduced by low-pass filtering in
selectable circuits having time constants of 1 and 10 seconds,

respectively, i.e., equivalent bandwidths of 1 Hz and 1/10 Hz.
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D. SUMMARY

This chapter has shown that the quadrature receiver design produces
a DC output which is independent of the phase of the received 94 GHz
signal. The target should be firmly anchored to assure that the phase
will not vary due to range changes. In considering signal amplitudes,
it was shown that the components which are likely to be driven into
non-linear behavior are the first Avantek UTC10-115M integrated
amplifier in the IF signal path and the MCL ZEM-2 double balanced
mixers., Devices in the audio frequency range have been set
experimentally so that each will remain in its linear range as long as
the IF components are not overdriven,

Noise power was considered to show the necessity for bandwidth
reduction in the IF signal channel. With this filtering accomplished,
noise power is too low to saturate any component in the system. The
noise spectrum was considered in order to show why two design decisions
were made., The first was that of the two terms produced by the audio
frequency squarer, at DC and 1600 Hz, the 1600 term must be used to
achieve optimum signal-to-noise characteristics, and the second that the
1600 Hz term should be converted to DC by means of a synchronous
detector rather than by full-wave rectification to achieve the best

signal-to-noise performance.
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CHAPTER IV
TEST RESULTS

A. INTRODUCTION

This chapter gives the results of using the transmissometer with
signals obtained both through the internal calibration channel and over
short test ranges (130, 240, and 500 meters) with 3.75, 6, and 16 inch
‘corner reflectors as targets. The §ize of each reflector is
characterized by the dimension £ as shown in Figures 4.3 and 4.4, The
results of using the calibration channel include equations for
determining atmospheric attenuation from the outputs of the
transmissometer system and estimates of the dynamic range and
sensitivity of the system. The results obtained over the test range are
extrapolated to predict the maximum range, Rpax, for which the
transmissometer will perform over its full dynamic range. The problem
of clutter is discussed and recommendations are made regarding the
clutter problems.

Fairly extensive field tests, including meteorological
instrumentation, had been planned. However, the failure of two IMPATT
oscillators in late July and August and resulting delays forced us to
limit field testing. The testing that was done is sufficient to

characterize system performance.
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B. CALIBRATION CHANNEL TEST RESULTS

1. Overview

System calibration was performed so that the system performance
could be characterized accurately. From the data, curves and equations
were generated which characterize the attenuation of the modulated 94
GHz signal vs. Vg,t. These equations can be used to determine the
attenuation of the 94 GHz signal given the system output Vg4 and
auxiliary information, including the gain mode of the audio frequency

. s L4
circuitry,

2. Procedure

The calibration curves were obtained in the following manner,
First, the TRG W822-24C transmitting antenna feed horn was replaced by a
waveguide load to prevent any power from being radiated from the
transmitting antenna, and the receiving antenna was shorted to assure
that no signal was received by it. Then a second 50 dB adjustable
waveguide attenuator (Hughes 45726H-1000) was put in place of the TRG
W559-6 directional coupler in the calibration channel (refer to Figure
2.6). Setting this attenuator at 50 dB attenuation reduced the
modulated 94 GHz signal level, P, (see Figure 2.3) present at the TRG
W9600-9 mixer to ~-80 dBm with the TRG 510W/387 variable attenuator set
to zero dB. Recall from Table 3.2 that with Aj¢ set to zero dB, -80
dBm is the maximum allowable input to the system. Thus, with this

calibration scheme, modulated 94 GHz signal returns over the 42.5 dB
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range from -80 to -122.5 dBm were simulated by adjusting the TRG
510W/387 variable waveguide attenuator from 0 dB to 42.5 dB in 2.5 dB
steps. After each adjustment, V,,+ was allowed to settle and was
recorded. Data points were taken with t=1 sec. when in the “low gain"
region and t=10 sec. when in the "high gain" mode for improved
sensitivity. This process was repeated for five phase settings of the
Hughes 45766H-1200 variable phase shifter to determine whether or not
Vout is independent of the phase of the 94 GHz signal in practice, as
the theory indicates it should be.

Figure 4.1 shows a curve generated by this method. The multiple
traces on the curve represent different phase settings of the Hughes
45766H-1200 variable phase shifter. The two distinct levels occur due
to the automatic gain switching in the audio frequency circuitry, which
adds 20 dB gain when the output signal, Vy,¢ drops below 0.050 volts.

It can be seen from Figure 4,1 that, as the attenuation increases
and signal power decreases, reducing the output signal-to-noise ratio,
the certainty of the attenuation value read form the curve decreases.
For instance, with Vg,¢ at 0.1 volts DC and the gain monitor in the
"high gain" mode, it is difficult to tell from the curve whether the
attenuation is 39 or 40 dB or in between, indicating approximately 1 dB
of uncertainty. To achieve greater accuracy, the modulated 94 GHz
signal was increased by 30 dB, thus increasing P> by 30 dB, and 30 dB of
attenuation was introduced in the IF signal channel (Ajf¢=30 dB) with the
Telonic step attenuator, so that the overall signal level remained the
same at the end of the IF channel, Since the primary noise source is
the TRG W9600-9 mixer, before the Telonic attenuator in the signal path
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Figure 4.1. Vg,t vs. received 94 GHz signal power, Pj,.
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(Figure 2.4), the increase in signal by 30 dB increases the signal-to-
noise ratio by 30 dB, allowing very accurate data to be recorded.
Figure 4.2 is an example of such data, simulating modulated 94 GHz
signal returns of Py=-50 to -100 dBm. The data in Figure 4,1 was
recorded using the same method as that in Figure 4,1, except that the
TRG 510W/387 attenuator was varied over a 50 dB range in 2.5 dB steps
for each phase setting rather than 42.5 dB., Note the better agreement
of the curves in Figure 4.2 relative to those in Figure 4.1, Also note
that there is a slight non-linearity which occurs when Vg, is in the
range from 2 to 7 VDC. This non-linearity amounts to approximately 1
dB, and is a result of a non-linearity in the MF-10 digital bandpass

filters (see Figure 2.5) used in the audio frequency circuitry,

3. Attenuation Equations

Equations for determining the one-way atmosphefic attenuation A (in
dB) along the path have been produced to fit the data shown in Figure
4,2, The derivation of these equations is given in Appendix C, The
parameters needed to determine the value of A are listed in Table 4,1,
Equation (4.1) gives the attenuation under all conditions determined by

the gain modes of Vy,t_cal and Vout-test:

A=5 ]ogl°(vout-ca1/vout-test) * 5(ctest: - ccal)
+ (1/2) (Rjg ey - Aif-test) = 20 10910(Ry ooy /Regq)
+5109,0(0y0c4/%a1) (dB). (4.1)
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Symbol

Real
Rtest
Ocal
Otest
Vout-cal

Vout-test

Aif-cal
Aif-test

Ccal

Ctest

TABLE 4.1
ATTENUATION EQUATION PARAMETERS

Explanation

Distance from transmissometer to
calibration target

Distance from transmissometer to
target used in testing

Radar cross section of calibration
target

Radar cross section of target used
in testing

Value of V,,¢ when transmissometer
aligned with calibration target

Value of Vot under test conditions

Setting of Telonic 8120S step
attenuator when Vi, ,+_.a1 measured

Setting of Telonic 8120S step
attenuator when Vg 4+ _tagt Measured

A constant dependent on gain mode
when Vg,+_ca) measured: 8.0 in
high gain mode and 6.1 in low gain
mode

A constant dependent on gain mode
when Vg .+ _test Mmeasured: 8.0 in
high ga?n moae and 6.1 in low gain
mode

70

Units

meters
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m2

vDC

vDC
ds

dB

dB

dB




N
\
I ™\ |
. ] 2\ | l
$ o
v | \
1.0 |
ol
b ¢ }
'
] o
> ] L
LN |
O.I-: \‘k :
] N,
0.05 4\ y v
1 LOW GAIN — \
! HIGH GAIN \‘\
N\
.01 T I | ] T T T T
-50 -60 -70 -80 -90 —100
P2, dBn

Figure 4,2,

Vout vs. received 94 GHz signal power, Py,

n




4, Sensitivity and Dynamic Range

Refer to Figure 4.1, It can be seen that with the input Py to the
TRG W9600-9 mixer equal to -120 dBm or less, the lines begin to diverge.
These data were taken with the filter setting of t=10 sec. in the "high
gain" region, for improved sensitivity. Time did not allow tests to
identify unambiguously the reason for this divergence or, indeed, its
repeatibility. Regardless of the source, Pp=-120 dBm can be taken to be
a signal input for which an assuredly accurate Vq,¢ is obtained and is
thus a meausre of the minimum system sensitivity. This is probably a
very conservative estimate because the -~120 dBm sensitivity figure is
not determined by the system noise floor,

Anuther observation from Figure 4.1 is that the transmissometer
system has a dynamic range of 40 dB with approximately *1/2 dB of

accuracy.

C. OUTDOOR TEST RESULTS

These outdoor results were obtained using ranges from 130 to 500
meters and 3.75, 6, and 16 inch corner reflectors, The results are
tabulated in Table 4.2, where Rpay, the maximum assured range for which
the transmissometer will operate over its full 40 dB dynamic range, has
been calculated from the data, as explained below. This is also likely
to be a conservative estimate, since it is based on a receiver
sensitivity ~© -120 dBm. However, it must also be considered that this
estimate does not take into account the effect of clutter, which can
reduce Rpax. Clutter is discussed in section D of this chapter,
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TABLE 4.2
OUTDOOR TEST RESULTS

Extrapolated Rmax for

Range Reflector Gain mode A 3 each specific reflector
m (VDC) out (dB) if (meters)
I.
130 3.75 inch b 0.2 Tow 50 820 €
130 6 inch b 1.0 high 70 1300 ©
130 6 inch D»d 1.0 high 70 1300 ©
240 16 inch ¢ 1.0 high 70 2400 ©
I1.
500 3.75 inch b 0.3 high 50 1200
500 6 inch b 2.0 high 50 1900

a. Ajf equals the numerical setting of the Telonic 8120S step
attenuator,

b. See Figure 4.4 for corner reflector detail,
c. See Figure 4,3 for corner reflector detail.

d. Surface of reflector polished to test effect of minor corrosion
and dirt on radar cross section,

e. Since these values were calculated from measurements in the near
field, these extrapolated Ry,, values underestimate the achievable
range of the system., The values predicted from the 500 meter range
(section II of this table) should be more realistic.
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The data in the first five columns of Table 4.2 were used to
determine the maximum range, Rpax, in the following way. Use the radar

equation [7]

2
P.GG Agt, t
ttr t’r -(2aR/10)

P 10
r (41!’)2R4

(4.2)

where Py is transmitter power at the IMPATT output, Gy is the gain of
the transmitting antenna, G. is the gain of the receiving antenna, X is
the wavelength, o is the radar cross-section of the target, ty is the
transmittance between the transmitter's IMPATT power source and
transmitting antenna, t,. is the transmittance between the receiving
antenna and TRG W9600-9 mixer/preamplifier input, a is the average
one-way specific attenuation along the path in dB/km, and R is the
distance from transmitter to target. The important aspect of this
equation is the 1/R* term. Assume a=0 (clear air conditions) for these
calculations., Also assume that the returns from clutter are negligible.
(Clutter will be discussed further in section D of this chapter.) Al
other terms will be considered constant while R is varied to determine
the transmissometer's range capability from the data recorded in Table
4.2.

With all terms constant in Equation (4,2) except R and P, the

equation can be written as

Pr = k/(R%) (4.3)
or

k = P. RY , (4.4)
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Figure 4.3, Triangular trihedral corner reflector.
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Figure 4,4, Circular trihedral corner reflector,
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With R=Rq, Equation (4.4) becomes

= L
k Pr1 R1

and with R = Ryay, Equation (4.4) becomes

k=P R b,
rmax max

Combining Equations (4.5) and (4.6) yields

= "* = |-|
k Prl Rl Pr'max Rmax

which can be written as

b = Y
Prl R1 /P

R
max rmax’®

or

- (1/8)
Rmax = R1 (Prl/prmax) , (meters)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

where Ry is the range in meters at which data was taken, Pppax is 10-11

watts (-80 dBm), a value chosen to give maximum range and still allow

the system to work over a 40 dB dynamic range, and Ppy can be calculated

from Equation (4.10) or (4,11) if Vy,¢, Ajf, and the gain mode are

known. Equations (4.10) and (4.11) are derived directly from Equations

(C.1) and (C.2) in Appendix C, with only the additive constants changed

to allow the setting of the Telonic 81206 attenuator to be arbitrary

instead of fixed at 30 dB.
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log1g Vg, - 11.0

ou
prl = 01 + A1.f (dB) (high gain) (4.10)
Pr1 = 0.1 + Aje (dB) (low gain) (4.11)

Since Ppy is in dBm, it is simpler to rewrite Equation (4.9) to use
values of power in dBm, which is done in Equation (4.12),

1/4
R - n 10[(p,1 + 80)/10]}( )

max 1{ (meters). (4.12)

In Equation (4.12), Ry is in meters, Ppy is in dBm, Pppax = -80 dBm has
been substituted, and Ryax is given in meters,

The results of calculating Ry, for the 3.75, 6, and 16 inch corner
reflectors are summarized in Table 4,2, Section I contains test results
with the reflector in the near field of the antenna, which caused
significant gain reduction; the Rpay values calculated from this data
are useful for intercomparison but greatly underestimate the actual
achievable range since the full antenna gain was not realized during the
measurements. Note the identical 1300 meter values of Rp,y obtained
when testing the 6 inch reflector while unpolished and then polished.
This result indicates that surface roughness introduced by slight
corrosion, dirt, and old masking tape adhesive is insignificant,

Section Il contains test results taken using a range approximately equal
to one half of the far-field distance, insuring gain reduction by no
more than 1 dB., Note that for the 3,75 and 6 inch reflectors tested
both in the near-field and (nearly) far-field regions, Ry,, calculated
using the far-field data is approximately 1.5 times as large as that
calculated using the near-field data, indicating an increase in
effective gain of 6 dB as the far-field is approached.
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An estimate of o for each of the reflectors used in testing is
useful, The calculations of the o values estimated from the
measurements for each reflector follow. Using the radar equation,
Equation (4.2), it is possible to estimate o, the radar cross section of
the reflector, for the 3,75, 6 and 16 inch corner reflectors tested.

Solving Equation (4.2) for o yields

3.4
Pr(4") R

2
o= (m®), (4.13)
PthGrkztttr

where P. (watts) is determined for each case by using Equations (4.10)
and (4.11).

R is the range used in meters,

Py is 0.2 watts,

Gt
GI"

53 d8 = 1053 (numeric),

47 dB = 104.7 (numeric),

A = 3.19 x 10-3 meters,
ty = 0.15,
and t. = 0.6.

Substituting all known quantities into Equation (4.13) yields

o = (1.1)p R, (4.14)

Using the data from section I of Table 4.2 and Equations (4.10) and
(4.11) to calculate P, and substituting in Equation (4,14) gives values

of o for the 3.75, 6, and 16 inch corner reflectors of

2
°3.75,1 =2 M (4.15)
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2
%,1 = 31 m, (4.16)

and

016, = 365 . (4.17)

Using the data in section Il of Table 4.2 gives
93,75,11 = 2 "> (4.18)

OG,II = 137 m. (4.19)

The theoretical values of o, denoted by o, for triangular trihedral
reflectors (see Figures 4,3), such as the 16 inch reflector used may be
determined from Equation (4.20), where “"i" (meters) is seen in Figure
4.3 and A (meters) is the wavelength. The theoretical values for
circular trihedral reflectors (see Figure 4.4), such as the 3.75 and 6
inch reflectors used may be determined from Equation (4.21), where "&"

(meters) is seen in Figure (4.3) and A (meters) is the wavelength [21].

4wl4 2
Oth-tri =~ A2 (m") (4.20)

15.6¢% )
Othecir = a2 (M) (4.21)
o = 125 mC (4.22)
th3.75 = 12 .
o, = 825 m (4.23)
thé )

2

%h16 = 33,700 m (4.24)
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TABLE 4.3
COMPARISON OF RADAR CROSS SECTION CALCULATIONS

Corner Section 1 Section I1I
Reflector % %1 91, oth 11 °11/%%h
(m2)  (m2) (dB) (m2) (d8)
3.75 inch 125 ) -14.0 22 -7.6
6 inch 825 31 -14.3 137 -7.8
16 inch 33,700 365 -19.7 .-- -———

Comparison of the theoretical and experimental values of o is made in
Table 4.3. Consider the ratio of o1 to opp expressed in dB in column 4
of Table 4,3, The -14.0 and -14.3 dB values for the 3.75 and 6 inch
reflectors are consistent with one another. The -19.7 dB value for the
16 inch reflector shows that it is not made for use at 94 GHz, The
outer edges of this reflector are misaligned by 2 millimeters, 1
millimeter and 0.5 millimeter, respectively, which causes some of the
reflected signal to return out-of-phase and cancel the in-phase return,
thus reducing the effective radar cross section of the target, The
sixth column in Table 4.3 gives the ratio of ory to oy, derived from the
data taken at approximately one half of the far-field distance. This
shows a significant improvement in the measured values of both the 3.75
and 6 inch reflector; both are approximately 7.7 dB8 below their
respective theoretical values, an increase of approximately 6 dB with

respect to the near-field test., The fact that both 3,75 and 6 inch
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reflectors are 7.7 dB below their respective theoretical values raises
the possibility that a 7.7 dB loss might occur elsewhere in the system,
Therefore it is recommended that a test be made with a target of known
radar cross section at 94 GHz. This test will determine whether the
radar cross sections of the 3.75 and 6 inch corner reflectors are
actually 7.7 dB below their respective theoretical values or whether
some of this loss may be introduced at some other point in the
transmissometer. Some possible sources of loss are: 1 dB from using a
range of only one-half the far-field distance; physical antenna
misalignment; improper focusing of antennas; circular to rectangular
waveguide transitions attached to antennas; other possible losses in

transmitter or receiver front end.

D. CLUTTER

In the discussion of maximum range in the preceding section, signal
returns from clutter were neglected, The conclusion that the system's
guaranteed maximum range is at least 1.9 kilometers with the 6 inch
target as discussed in the previous section is valid in the absence of
returns from clutter, because the power returned from the target at a
1.9 kilometer range would be great enough to operate the system over its
full dynamic range. However, the assumption that so little signal
reflected by clutter reaches the receiver will be unrealistic for many
situations. In fact, outdoor tests indicate that signals reflected by
clutter can be on the same order of magnitude as the return from a
target at range Ry, over flat, grass covered terrain, which should

produce relatively low clutter returns.
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Clutter returns from the 500 meter test range were calculated from
the following data: Vgu¢t = 0.03 VDC, Ajf = 50 dB, high gain mode.
Equation (4.10) yields the clutter return P. = -75 dBm. Recall that
Rmax was calculated by assuming Pppay = -80 dBm to insure the full use
of the system dynamic range of 40 dB. Thus, with a target at Rpzx, the
clutter dominates the signal with a signal-to-clutter ratio of -5 dB,
and no valid data would be obtained at this range for this ground. This
limitation may not apply if the instrument is used on a tower, as has
been proposed for some applications.

Several steps can be taken to reduce clutter returns, First;
microwave absorber has been installed around the transmitting and
receiving antennas to reduce any direct leakage between the two
antennas. Second, the range used must be as free of clutter as
possible, especially at short distances from the transmissometer, since
the power returns from clutter go as 1/(R*) as seen in the radar
equation (Equation (4.2). Other possibilities are to use a range
shorter than 1.9 kilometers, thus increasing the returned power from the
target and in turn allowing greater IF attenuation (Ajf), thus
decreasing the clutter returns relative to the signal returns from the
target. For instance, a signal-to-clutter ratio of 18 dB is achieved
with the 500 meter test range and 6 inch reflector. A 10 dB signal-to-
clutter ratio is obtained using the same range and the 3.75 inch
reflector., Also a target of greater radar cross section could be used,
which would increase the signal return from the target and would affect
the signal-to-clutter ratio in the same way as would decreasing the
range, The use of precision targets made for 94 GHz oneration is

recommended,
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The most desirable solution, however, is to use the system with a
modulated target. Such a target allows the unmodulated returns from
clutter to be ignored as long as they do not saturate any component,
thus allowing the full dynamic range of the system to be used even in
the presence of clutter returns. Appendix A discusses an implementation

of a modulated target.

E. SUMMARY

This chapter has shown the use of the calibration channel to *
determine equations for the atmospheric attenuation as a function of
Vout and other available parameters. System dynamic range capabilities
were determined as well as system sensitivity. Dynamic range is 40 dB
with +1/2 dB uncertainty, and the minimum detectable input to the system
at [2] is Pp = -120 dBm,

Data from a 500 meter test range, using 3.75 and 6 inch corner
reflectors, were used to determine the system's maximum target range.
This was determined to be approximately 1.9 kilometers for the 6 inch
reflector and 1.2 kilometers for the 3.75 inch reflector in the absence
of clutter, but it should be noted that the values of o calculated from
the data for the 6 and 3.75 inch reflectors were both approximately 7.7
dB below theoretical values. Thus, the use of high-precision reflectors
intended for use at 94 GHz could improve the maximum range and would
determine whether or not some of the apparent 7.7 dB reduction in radar
cross section is actually due to loss at some other point in the

system,
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The detrimental effects of clutter were discussed along with
possible methods for reducing clutter effects. Use of a modulated
target with the system would greatly reduce the effect of clutter,
Further investigation into the use of the transmissometer system with a
modulated target is therefore highly recommended. A first attempt at
such a target is documented in Appendix A, and improvements are

suggested there,
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CHRAPTER V
OPERATING INSTRUCTIONS

A. INTRODUCTION

This chapter provides a detailed set of operating instructions so
that the operator need not be intimately familiar with the theory of

operation of the transmissometer in order to use the system.

B. INITIAL SET-UP

Power, ground lines, and signal to the Hughes 45216H-1000 modulator
are supplied to the transmissometer through the gray multi-conductor
cable (chosen on the basis of availability) connected at the bottom of
the transmissometer (refer to Plate 5.1). Table 5.1 shows how these
connections should be made by color coding them to the required source.
Each conductor, with the exception of the +24 VDC line and the ground
line for the +24 VOC supply, consists of a twisted pair of wires, so
that colors of both wires in the pair are given. For example, a twisted
pair whose colors are given as Orange/Red and Orange/Black has one wire
which is orange with a red strip and another orange with a black stripe,
A ground line from each power supply is also connected to the
transmissometer, where a common ground is established by connecting all
grounds to the chassis of the transmissometer in order to prevent ground
loop currents. Table 5.1 also gives current requirements for power

supplies.
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PLATE 5.1

TRANSMISSOMETER BOTTOM PANEL
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TABLE 5.1
CABLE CONNECTIONS

Wire Color(s) Source Current Requirement
Red & Red/White +15 vDC 5.0 A
White & White/Red -15 VDC 1.0 A
White/Black +24 VDC 100 mA
Green & Green/White +28 VDC 3.0 A
Blue & Blue/White +40 VDC 500 mA

Red/Black & Black/Red
Orange & Orange/Red
White/Red/Black &

Red/White/Black

Orange/Green &
Orange/Black

Green/Black & Green/
Black/White
Black/White/Red
Blue/Black & Blue/Red
Black & Black/White

Hughes Mod/Lev Supply,
white wire

Hughes Mod/Lev Supply,
black wire

Hughes Mod/Lev Supply,
yellow wire

Hughes Mod/Lev Supply,
red wire

Gnd from +28 VDC supply
Gnd from Hughes Mod/
Lev Supply

Gnd from +24 VDC supply

Gnd from +40 VDC supply

Gnd from +15 VDC source
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For proper operation of the transmissometer, the audio frequency
signal processing circuitry needs a reference signal derived from the
modulation source. When the source of modulation in this system is the
Hughes Ferrite Modulator/Leveler Supply, the reference must be derived
from it. This is accomplished by connecting the "Ext Mod Input" on the
Hughes Ferrite Modulator/Leveler Supply to the system clock input marked
“CLK" on the bottom of the transmissometer (refer to Plate 5.1). In
case any other modulation source is used, for example in the case of
using a modulated target, the "CLK" input requires a reference signal
with an amplitude between 20 mV and 10 V peak-to-peak. If the internal
modulation is used, set the center knob on the face of the Hughes
Ferrite Modulator/Leveler Supply to "INT SQ WAVE MOD" and turn the
"LEVEL SET" potentiometer fully counterclockwise. Now the Hughes
Ferrite Modulator/Leveler Supply is prepared to modulate the 94 GHz
signal. If the center knob is not in the "INT SQ WAVE MOD" position of
the “"LEVEL SET" potentiometer is not fully counterclockwise, the 94 GHz
signal will not be modulated. Turn the Hughes Ferrite Modulator/Leveler
Supply on,

Once the power supplies are connected, before turning the system
on, point the transmissometer into free space to avoid unwanted signal
returns during the set-up procedure, Also, make sure that both
transmitting and receiving antennas and whatever target is used remain

free of moisture to avoid unwanted attenuation [11].
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C. OPERATION
1. Power on

First, turn on the *15 VDC, and +28 VDC supplies. Now power is
supplied to the TRG W9600-15 balanced mixer and W9600-9 balanced
mixer/preamplifier, Avantek UTC10-115M, UTC10-109 and ESL* 776 MHz,

33 dB gain IF amplifiers, the Techtrol HX0-178 97.007224 MHz crystal and
its oven, and to the audio frequency circuitry. The Hughes 47196H-11208
IMPATT oscillator is switched separately, at the transmissometer itself,
as are the Hughes 47746H-1001 Gunn osc>llators. With the IMPATT power
switch off, turn on the +40 VDC power supply and set it to zero volts,
(The IMPATT power switch is located on the side panel near the bottom of
the transmissometer, see Plate 5.2.) With the +40 VDC supply set at
zero volts, switch the IMPATT power on. Now slowly bring the supply
voltage up to +40 VDC. The IMPATT device begins to draw current at
about +20 VDC, and reaches its full current of 325 mA at about +35 VDC.
An internal current regulator keeps the current constant as the voltage
is increased above +35 VDC. The IMPATT oscillator is now on., The Gunn
devices are not turned on with the rest of the equipment because these
devices draw substantially more current when first turned on than during
normal operation, so that if both Gunn devices were turned on
simultaneously, the power supplies would reach their current limit and
shut off. Thus it is necessary to turn the Gunn devices on one at a

time. Turn the switch marked "LOCKING GUNN" (see Plate 5.2) to the "ON"

* tlectroScience Laboratory, The Ohio State University.
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PLATE 6.2

TRANSMISSOMETER SIDE PANEL

Locking Gunn 97 MHz IF Monitor
L.0. Gunn 97 MHz IF Monitor

Vsync

Viock

1
Flgt Plate Detector Output

[MPATT Heater Switch

Filter Selection Switch (=1 sec or 10 sec)
IMPATT power switch

=10 sec Filter zeroing potentiometer
=1 sec filter zeroing potentiometer
Phase 180° Switch

Synchronous detector symmetry adjustment
Synchronous detector phase adjustment
Locking Gunn Power

Clock Select

L.0. Gunn Power
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position, Now turn the switch marked "LO GUNN" (again, refer to Plate

5.1) to the "ON position. Now all power is on, Allow the system

fifteen minutes to warm up before proceeding to the next step.

2. Checking Gunn Oscillator Operation

After the warm-up period, check that the Gunn oscillators are
properly phase-locked (that is, operating at the correct frequency) by
reading Gunn monitor voltages Vygck and Vg, which are accessible via
BNC connectors inside the small side door at the bottom of the
enclosure (see Plate 5.2). Attach a DC voltmeter to Vigek. This
should read 3.75 VDC (+0.10 VDC). If the voltage is outside this range
or not constant, turn to section E.1 of this chapter,

If Vigck is now correct, attach the voltmeter to Vy,. This voltage
should be 4,71 VDC (+0,10 VDC). If Vq, is outside this range or not

constant, turn to section E.2 of this chapter,

3. Operation with Calibration Channel

This section is intended primarily as a tutorial for the operator
who has never used this transmissometer. By using the calibration
channel, which acts as a well-controlled signal path from the
transmitter to receiver, results similar to those obtained with a
calibrated target are seen, After observing the results obtained with
the calibration channel, the operator will know what sort of results to
expect when using the transmissometer in field use with a calibrated
target.
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The first step in using the calibration channel is to see to it
that the transmissometer is pointed into free space, in order to avoid
unwanted signal returns from the calibrated target or clutter. Next,
turn the waveguide switch, located on the right side of the
transmissometer from "OFF" to “ON" position, see Plate 5.3 for switch
position., 0Observe the output of the synchronous detector, Vsync, on an
oscilloscope. This signal is available via a BNC connector on the side
panel near the bottom of the transmissometer (see Plate 5.2). This
signal should apﬁear to be a full-wave rectified 1600 Hz sine wave as
shown in Figure 5.1; If Vsync is clipped as in Figure 5.4, refer to
Section E.3. of this chapter. Should the waveform look more like Figure
5.2 or 5.3, then it is necessary to adjust either the phase or symmetry
of the 800 Hz synchronizing signal used in the synchronous detector, or
possibly both, Adjustment potentiometers for phase and symmetry are
located on the side panel near the bottom of the transmissometer (refer
to Plate 5.2). Adjust these potentiometers until a waveform similar to
that of Figure 5.1 is obtained. If the phase potentiometer cannot be
adjusted far enough to accomplish this, or if a sinusoidal waveform
appears, switch the setting of the "PHASE 180°" switch (on the same
panel) and readjust the phase potentiometer so that the synchronous
detector output appears as Figure 5.1. This phase and symmetry
adjustment procedure is used also when operating the system with a
calibrated target.

With the synchronous detector output displayed on the oscilloscope,

it is now possible to adjust the freuency of the modulation. This
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PLATE 5.3
POSITION OF WAVEGUIDE SWITCH

WAVEGUIDE SWITCH
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Figure 5.1,

Figure 5.2.

Proper synchronous detector output.
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Synchronous detector output, phase misadjusted.
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Figure 5.4, Vsync clipped.
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frequency can be adjusted by the "MOD FREQ ADJ" potentiometer on the
Hughes Ferrite Modulator/Leveler Supply. Adjust the frequency so that
the time corresponding to that marked "T" in Figure 5.1 is 0.3125 msec;
this corresponds to 800 Hz modulation since the detector detects a
signal at twice the modulation of frequency. A frequency of precisely
800 Hz is not required for proper operation; the audio frequency clock
will operate with a modulating frequency from 700 to 1050 Hz.

Now observe the signal V,,¢, which is available through a BNC
connector at the bottom of the transmissometer, on a DC voltmeter,
(Refer to Plate 5.1 for location of the proper BNC connector). With the
Telonic attenuator (see Plate 5.4) set to 0 dB, the "FILTER" switch (see
Plate 5.2) set fo "r=1 sec", Vo,t should be approximateiy +1 VOC and the
"GAIN MON" output should indicate "low gain" mode (i.e. *15 VDC, rather
than 0 VDC, which indicates "high gain" mode). When using the
transmissometer system with a calibrated target, Vg, will vary in
proportion to the signal received by the system.

Now set the Telonic 8120S O to 100 dB IF step attenuator (see Plate
5.4) to 100 dB, This effectively eliminates any signal beyond the
attenuator, allowing for the system to be zeroed, With the DC voltmeter
still reading Vy,¢, set the "FILTER" switch on the side panel of the
transmissometer (see Plate 5.2 for switch location) to 1 sec. Allow the
filter time for Vy,¢ to settle to a constant value before performing any
adjustments. Now slowly adjust the r=1 sec, filter zeroing
potentiometer, marked "11" and positioned just above the “FILTER"

switch, so that V,,; reads zero volts. Now set the "FILTER" switch to
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PLATE 5.4
POSITION OF TELONIC ATTENUATOR KNOB
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"r=10 sec.", and again allow the filter to settle. Adjust the t=10 sec.
filter zeroing potentiometer, marked "10" so that V,,t reads zero. Now
the audio frequency filters are zeroed. Both this process of zeroing
the audio frequency filters and adjusting phase and symmetry should be
performed on a regular basis (hourly, or as needed)., The

transmissometer is now ready for use with a calibrated target.

4. Operation with Calibrated Target

It is assumed in this section that the steps in Sections B.l‘and
B.2 of this chapter (power on and check for proper operation of Gunn
oscillators) have been accomplished. If this is not the case, do so
now., To operate the transmissometer with a calibrated target, turn the
waveguide switch (see Plate 5.3) to the "TARGET“ position, Now line up
the transmissometer and calibrated target by eye as well as possible; a
low-power telescope affixed to the antenna mount can be very helpful for
this purpose.

Locate the target by slowly rotating the transmissometer with the
vertical and horizontal position controls, scanning the target area. At
the same time observe the synchronous detector output. The magnitude of
the synchronous detector output increases dramatically when the
transmissometer and calibrated target are aligned. The beamwidths of
the receiving and transmitting antennas are 0,7° and 0.4°, respectively,
resulting in a very sharp peak in outrut when they are aligned with the
target. If the synchronous detector output is clipped, this indicates

that the system is saturated. This will cause no damage to the system,

98




Refer to Section E.3. of this chapter to correct this situation. Adjust
the alignment so that the synchronous detector output is a maximum, thus
indicating the maximum return from the calibrated target. Should the
synchronous detector output need phase or symmetry adjustment, perform
this adjustment as it is described in Section C.3 of this chapter. To
assure that the power level in the IF signal channel is not too high,
observe the value of V,,t and the gain mode and adjust the Telonic
attenuator from the 0 dB setting to the 10 dB setting. If the gain mode
remains the same when the attenuator is switched, V,,¢ should decrease
by approximately a factor of ten (for example, from 4.67 VDC to 0.479
VDC). 1If the gain mode changes from "low gain" to "high gain", then the
value of V,,¢ should increase by approximatliey a factor of ten (for
example, from 0.104 VDC to 0.963 VDC). 1If this is not the case, adjust
the Telonic attenuator to a value such that a 10 dB decrease in the
attenuator's value will cause a change in Vy,¢ by a factor of ten. If
the setting of the Telonic attenuator is 40 dB or higher, the Avantek
amplifier before the Telonic attenuator may be saturated. Therefore, if
this is the case, the input power should be reduced by increasing the
range, R, or using a target with a lower radar cross section, as
indicated in Figure 3.1.

With the transmissometer and calibrated target now aligned for
maximum return, V,,¢ should remain stable under clear-air conditions,
The transmissometer is now prepared to measure atmospheric attenuation
at 94,0 GHz, Refer to Section D of this chapter, Data Acquisition, for

recording procedures for these data,
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D. DATA ACQUISITION

l - vout

The output of the system is Vo t. Whether Vot is connected to a
strip chart recorder, a computer analog input, or some other means of
recording, there are two things that the operator needs to be aware of.
The first is that there are actally two versions of Vg, available., The
difference between the two is that one is passed through a low-pas
filter with a time constant r=1 second while the other uses t=10 seconds
to further narrow the bandwidth and thus further reduce the noise. The
choice of which signal is connected to the Vgt connector at the bottom
of the transmissometer is made via a switch marked "FILTER" on the side
panel of the transmissometer, The t=10 sec. setting should be used when
Vout 1s in the "high gain" mode to improve the output signal-to-noise

ratio. See Plate 5.2 for the location of the switch.

2. Gain Level

The second note regarding V,,t is that there are two gain levels
used, as seen in Figure 4.2. The left section of the curve in Figure
4,2 is known as the "low-gain" region and the right section is known as
the "high-gain" region. This nomenclature indicates an additional 20 dB
of gain which is introduced by the audio-frequency circuitry under low
audio-frequency signal conditions, The gain is introduced because if
Vout were expected to cover the entire 40 dB dynamic range without

switching gain, it would have to go from 10.0 VDC to 0.001 VDC; at 0,001
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VDC, Vqo,t would be indistinguishable from op-amp NC offsets. Therefore,
when Vq,¢+ drops below 0.050 VDC in the "low gain" region, the gain of
the first amplifier in the audio frequency section (see Figure 2.5) is
increased by 20 dB (see Figure 3.11). This brings Vg,¢ up to 5.0 VOC,
well out of the range of op-amp offsets. When in the “"high-gain"
region, the amplifier reduces its gain to 0 dB when V4,¢ reaches 10.0
VDC. This gives the gain-switching circuitry a 5.0 VDC range between
switching points so that it will not oscillate between gain regions, due
to small signal changes,

The "Gain Mon" output, located on the bottom panel of the
transmissometer (see Plate 5.1) is used to indicate which gain region
Vout is in. A "Gain Mon" output of approximately 0 VDC indicates "high
gain" mode, whereas a +15 VDC output indicates "low gain" mode. Thus
both Vy,¢ and “Gain Mon" must be monitored to propertly interpret Vq,¢
using Equation (4.1) and thus determine the attenuation caused by the

atmospheric condition at that time.

E. TROUBLESHOOTING

1. Locking Gunn Oscillator

Most of the problems likely to be encountered with the Gunn
oscillators can be solved very quickly. Should Vigck not be steady near
the correct value of 3.75 VDC, simply turn the "LOCKING GUNN" switch off
and on again., By doing this a few times, the locking Gunn will usually

lock at the correct point, unless the unit has not had sufficient time
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to warm up. If this procedure does not cause the unit to phase-lock
properly, check the +15, -15 and +28 VDC supplies to see that the proper
voltages are being supplied to the Gunn. If the supply voltages are too
low (the %15 supplies at +12 VDC, for instance) the unit will not
phase-lock at all. If the supply voltages are correct and turning the
unit off and on does not help, refer to Appendix B, which contains the
procedure for tuning the phase-locked Gunn oscillators. This is not an
easy procedure to perform, so it is recommended that all other checks be

exhausted first.

2. L.O. Gunn Oscillator

If the locking Gunn is properly locked, but the LD Gunn is not, the
following procedure should be followed. Turn the "LOCKING GUNN" (see
Plate 5.2) switch off and on again. Observe Vi,. If it is constant
near 4,7 VDC, then the unit is properly phase-locked. If the voltage is
not constant, try turning the switch off and on a few more times.

Should Vi, happen to be about 4.44 VDC, then the LO Gunn is
phase-locked, but at the wrong frequency. Switching the locking Gunn
off and on a few more times should cause Vi, to become stable at about
4,7 VDC. If Vy, remains unstable, and the unit has had sufficient time
to warm up, refer to Appendix B, which gives the procedure for tuning

the Gunn oscillators.
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3. Iwmproper Vsync

If Vsync appears clipped as in Figure 5.4, rather than as it should
be in Figure 5.1, then the signal input to the audio-frequency circuitry
has increased too rapidly for the gain switching circuitry to follow,
because this circuitry is dependent on V,,+ from the t=1 sec. filter.
This problem arises in two situations. First, it may occur when the
calibration channel is first turned on. The t=1 sec. filter is not fast
enough to respond to the abrupt signal change, resulting in the
audio-frequency circuitry becoming saturated. The second situation is
when the target is first sighted in., When the target is first "found",
the signal increase may also saturate the audio-frequency circuitry.

To solve this problem, adjust the Telonic attenuator (see Plate
5.4) so that the Vsync waveform appears to be more like Figures 5.1, 5.2
or 5.3, rather than 5.4, If the calibration channel is in use, the
attenuator may now be returned to the 0 dB position, by increasing the
attenuator one step at a time. Allow a few seconds for the filter to
settle between attenuator changes. If a target is in use, continue in

Chapter V, Section B.4, which discusses how to set the attenuator,
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

In its present form, the transmissometer can be used with a target,
such as a corner reflector, to determine atmospheric attenuation.
However, for long target ranges the system's dynamic range may be
severely limited by clutter along the path. The range at which this
will occur depends on the target radar cross section and the c1ut£er on
the path, especially that at short distances. For this reason it is
recommended that a further study be performed to deveiop a modulated
target. A preliminary, not wholly satisfactory design is discussed in
Appendix A, Such a target would largely eliminate problems caused by
clutter, Use of the instrument on a sufficiently high tower should also
reduce the clutter problem.

If the system is used with a corner reflector as a target, it is
highly recommended that a high-precision corner reflector of known radar
cross section at 94 GHz be used. The radar cross section of the two
better corner reflectors used in testing appeared to be approximately
7.7 dB below their theoretical values. Using the system with a target
whose radqr cross section at 94 GHz is known would be likely to provide
two benefits: it might extend the target range, and it would provide
additional confirmation of the system calibration; i.e., results of
using such a target would determine whether or not the apparent 7.7 dB

degradation in radar cross section suffered by the two corner reflectors
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tested is actually due, in part, to some undiscovered losses in the
transmissometer system. Some possible sources of the loss are: 1 dB
from using a range of only one half the far-field distance; physical
antenna misalignment; improper focusing of antennas; losses in the
circular to rectangular waveguide transitions attached to antennas;
other possible losses in transmitter and/or receiver front end.

With regard to the system stability, examined in Chapter III,
Section B, only the audio-frequency circuitry was found to be somewhat
temperature sensitive. For this reason, consideration might be given to
redesigning the audio-frequency circuitry to be more temperature
independent. Alternately, a thermostatically controlled heater could be
installed to eliminate temperature-sensitivity problems. A 1 dB
non-linearity is introduced by the digital filters used in this
circuitry. If this is considered unacceptable, the use of another type
of bandpass filter is suggested.
| Finally, in the case where the transmissometer will be used only to
take atmospheric data with a modulated target, the Hughes 45216H-1000
Full-band modulator could be removed from the transmitter and placed in
the calibration channel, so that is could still be used to modulate the
94 GHz signal for calibration purposes. The advantage is that it would
remove the 2.5 dB insertion loss of the modulator form the signal path,
thus nearly doubling the transmitted power. However, this would involve
redesigning the physical configuration of the calibration channel, which
has no room for the modulator at present, and it should be recalled that
range varies as the fourth root of power, so that the range would be

increased only by a factor of 1.2,
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APPENDIX A
MODULATED TARGET

A. ADVANTAGES

As we have already seen, the transmissometer transmitter has the
capability of modulating the transmitted signal, So why not just use
this modulation rather than going to the trouble of using a target to
reflect and modulate the signal? Because, when internal modulation is
used, clutter returns, as well as crosstalk between the antennas, and
low-level leakage between the transmitter and receiver, are
indistinguishable from the signal return from the target. Depending on
the target radar cross section the the desired range, this may limit the
system performance.

Let us consider an example. The signal is modulated before
transmission, and is reflected by a calibrated target (i.e., a corner
reflector) and returns to the receiver, In addition to the return from
the calibrated reflector, there is return from clutter, crosstalk
between the antennas, and low-level leakage between the transmitter and
receiver, The unwanted return from clutter, crosstalk and leakage and
the return from the calibrated target are all modulated, and there is no
way to separate them, If the unwanted return is significant compared to
the return from the target, which is likely for long target ranges, the

unwanted return will cause significant errors in the resulting data.
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On the other hand, when a continuous-wave signal is transmitted and
modulated by the target, then the unwanted signal, which is unmodulated,
can be differentiated from the return from the modulated target by
detectiung the modulation. Thus, as long as the unmodulated 94 GHz
return does not saturate the RF mixer or any IF amplifiers, it is
disregarded by the coherent final detection process of the system, and
only the modulated return from the target is detected. Therefore it is
desirable to use a modulated target.

A particularly severe form of clutter arises if it is desired to
use the transmissometer in an enclosed space, i.e., the beam is
transmitted through a "window". Without target modulation, the
reflection from the window must be kept well below the signal from the
target, a very severe requirement. With target modulation, the window
reflection must only be sufficiently low to prevent system saturation.

Another advantage of using the modulated-target technique is that
is allows for the possibility of using several targets at various
ranges, operating at different modulating frequencies, with only the
addition of more audio-frequency signal processing electronics. An
important application would be in assessing the non-uniformity of the
attenuation over a path, Another possible application of two targets
would be in a system where it is desirable to have the results
absolutely independent of the transmitter power. This could be
accomplished by having two reflectors at different distances; then the
ratio of signal power returned from the two reflectors would be a

measure of the attenuation over the distance separating the two
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reflectors. At present, the output power of the transmitter appears
very stable and easy to monitor, and the instrument is equipped for

operation with only a single modulated reflector,

B. MODULATED TARGET IMPLEMENTATION

The modulated target (see Figure A.l) consists of a six inch
parabolic reflector with a rotating sub-reflector., The sub-reflector
(see Figure A.2) consists of a teflon lens, a polarization-sensitive
reflector, and absorber, all of which is enclosed in an aluminum \
cylinder open at one end. The lens focuses the signal on the reflector
(see Figure A.,3 for reflector detail), The signal power reflected
should be proportional to cosA, where A is the angle between the
reflective strips of the reflector and the linear polarization of the
signal (see Figure A.4).

The sub-reflector assembly is spun by a synchronous motor at 24,000
rpm or 400 rps. This results in the reflected signal being modulated at
800 Hz, because the angular relationship between the reflector and the
polarization of the signal is repeated twice per revolution.

Initial results using the modulated target in outdoor tests with
the transmissometer were encouraging but not wholly satisfactory. The
94 GHz signal reflected by the target does contain the desired 800 Hz
modulation component, However, for some reason the phase of the 800 Hz
signal as observed at points {10}, {11}, {20}, and {21} of the receiver
now depends on the phase of the 94 GHz signal . while only its amplitude

should depend on the RF phase for proper quadrature receiver operation,
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This makes it impossible for the summer to process the 800 Hz signal
properly. Until this problem is solved, this implementation of the
modulated target cannot be used., One possible clue which requires
further investigation is the effect of time-harmonic RF phase shifts on
the audio frequency processor, discussed in Chapter III, Section 8.4.

If the RF phase modulation is indeed the problem, the difficulty
with the rotating target may well have been alignment. It is well known
that the amplitude of the return from a “cat's eye" reflector is
relatively independent of the direction of arrival over a range about
the symmetry axis; it is not clear that this is necessarily true of the
phase., Thus it would be that the target alignment is more critical than
was appreciated at the time of the test.

RF phase modulation could also be produced by vibration of the
target, If this is the case, the target and its mount might be
redesigned for more mecnanical stability. Another approach would be to
use electrical, instead of mechanical, modulation. An example would be
a receiving antenna with a load that can be modulated by means of a
diode at the audio rate.

In the expectation that these problems can be solved, provision has
been made for a modulated target to be used with the system, The only
changes in operation that need to be made are with respect to the
transmissometer system clock input. First, the "CLK" input of the
transmissometer must be connected to a signal derived from the
modulation source. Second, the “CLOCK SELECT" switch, marked "16" on

the transmissometer side panel, must be set for the frequency of the
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reference input. In the case of this modulated target, the reference
input is derived by frequency doubling form the 400 Hz signal used to
run the 400 Hz synchronous motor, and the "400 Hz" setting of the "CLOCK
SELECT" switch must be selected. If an 800 Hz reference source is used,

select "800 Hz."
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APPENDIX B
INFREQUENTLY REQUIRED TUNING

A. PHASE-LOCKED GUNN OSCILLATORS

Remove the cover from the back of the transmissometer enclosure.
Refer to Plates 2.4 and 2.5 to find the phase-locked Gunn oscillator
which needs to be tuned. (The Gunn may be left on,) Locate the Gunn
oscillator inside the transmissometer enclosure and refer to Figure B.l.
The box in Figure B.1 has a piece of aluminum tape covering one face.
Remove the tape and save it., Now four holes are exposed. With a small

non-conducting screwdriver, turn the Gain Adjust potentiometer fully

clockwise. Now turn the Sweep Adjust potentiometer fully clockwise
also. Hook up the Gunn Monitor to a DC voltmeter. (This voltage is
available via a BNC connector on the transmissometer side panel, marked
Viock or Vio, see Plate 5.2,) Connect the L.0. or Locking Gunn 97 Mhz
IF Monitor, available on the same panel, to a spectrum analyzer,

Adjust the Gunn Adjust potentiometer so that the Gunn Monitor
voltage is set to its proper value (either Vygck = 3.75 VOC or Vy4=4.71
VDC). This should also cause the IF signal to line up with the 97 MHz
crystal signal on the spectrum analyzer.

Now set the Sweep Adjust potentiometer so that the IF signal on the
spectrum analyzer sweeps back and forth from 0 to 200 MHz., Set the Gain
Adjust potentiometer so that a good lock is obtained. The definition of
a "good lock" is shown in Figure B.,2. Replace the tape and back cover
of the transmissometer enclosure.
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B. SQUARER ADJUSTMENT

The drift of the squarers with time will cause some of the peaks of
Vsync to be significantly larger than others. When this occurs, the
squarers need to be readjusted.

Remove the back panel of the transmissometer. Locate the audio
frequency circuitry shown in Plate 2.5. Turn the power switch located
just above the circuit boards (marked 15 V) off. (This turns off power
to the circuit boards only). Remove board B (nearest the power switch).
Insert an appropriate extender card into the slot and plug board B into
it so that the items marked in Plate B.1 are accessible. Toggle both
switches of the dip switch., Turn the power on.

With the pin marked "INPUT" in Plate B.1 grounded, adjust Z, so
that the voltage at the “TEST POINT" equals zero VDC. Now with “INPUT"
set to 10.0 VDC, adjust Yj, for "TEST POINT" equal to 10.0 VDC. Apply
-10.0 VDC to "INPUT" and adjust X, to reduce the output error to 1/2 its
original value. Readjust Y;, to take out the remaining error. Check
the “TEST POINT" value with "INPUT" grounded. If nonzero, repeat this
paragraph until no error remains. Toggle the dip switch settings back
to their original positions, 1 open, 2 closed.

Turn power off, replace the board and repeat the process on board

A. Turn power on when finished.
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C. GAIN SWITCHING POINTS

Remove the transmissometer back cover, Refer to Plate 2.5 to find
the audio frequency circuitry. Turn off the power switch located just
above the circuit boards. Replace Board 3 with a card extender and plug
Board 3 into it. Turn the power switch back on. Refer to Figure B.3,
Monitor pin 2 on the 741 integrated circuit with a DC voltmeter.

Adjust potentiometer 1 so that the voltmeter reads +0.50 VDC. Now
monitor pin 5 of the 1458 integrated circuit and adjust potentiometer 2
so that he vo1tmete} reads +10,0 VDC. Turn off power, .replace the board

and turn power on,

D. I, Q CHANNEL GAINS

Over a long period of time, the settings for I and Q channel gains
may need to be equalized. This is performed by removing the back cover
from the transmissometer. Turn the waveguide switch (refer to Plate
5.3) so that the calibration signal is "on", As in Chapter V, Section
B.3., adjust the transmissometer so that returns from a target or
clutter are minimal. Insert a phaser-shifter such as a General Radio
constant-impedance trombone line 874-LTL into the IF signal channel at
point {7} (see Figure 2.4). Hook up an oscilloscope (and/or and AC
voltmeter) to Test Point 2 (see Plate B,1) on boards A and B, (Two 800
Hz sine waves should be observed).

Adjust the phase-shifter such that the signal from board B is a

maximum, Record the value of the signal from Board B, Now adjust the
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Figure B.3. Audio frequency circuit board #3.

phase-shifter such that the signal from A is a maximum and record its
value., Determine which gain needs to be adjusted and adjust the gain so
that the maximum values recorded for A and B are equal. Gains are
adjusted by the potentiometers to the far right (Q gain adjust) and far
Teft (I gain adjust) of board 4.
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APPENDIX C
ATTENUATION EQUATION DERIVATION

Equations used to determine the atmospheric attenuation, A, along
the path have been produced using the data shown in Figure 4.2. The
derivation of these equations follows. The equations of the lines in
Figure 4.2 in both "high gain"” and "low gain” modes are determined
first. The constants are chosen so that the liens approximate the data
in Figure 4.2 within £1/2 dB, The equation for the "high gain" line is
given by Equation (C.1) and the equation for the "low gain" line is

given by Equation (C.2),

logyq V = 8.0 + 0.1 P2 (high gain) (C.1)

out

6.1 + 0.1 7P

1og,o V (Tow gain) (C.2)

out 2

Equations (C.1) and (C.2) are now used, in part, to calculate A,

i i . 2y. . .
given the following parameters: %al (m2); Rca]’ Vout-ca] (V); Aif—ca]

o 2Y). . . . 3
(dB); opesy (M) Riggr (M3 Vout_test (V)5 Ajg_test (dB)s and the gain
mode, where 9.al is the radar cross section of a target used for
calibration purposes, which is placed at a range Rca1’ so that with the
Telonic attenuator set to Aif—cal’ the signal return produces a voltage

v 1 after processing. Similarly, R

out-ca v t? and

Stest® "test® 'out-tes

Aif-test represent the same quantities under test conditions. R must

cal
be sufficiently small so that the atmospheric attenuation under clear
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I

air conditions can be neglected when taking calibration measurements,
but large enough to be in the far field., A distance on the order of 500
meters is suggested. The attenuation, A, is determined in the following

way. Using Equation (4.2), the radar equation,

2.2
t t P 6,6 A ot

P C.3
2 (am) 2R (C.3)

0-(2aR)

where tz is substituted for 1 in Equation (4.2) (see Equation

(2.2)). Substituting values under both test and calibration conditions

and dividing yields

Po-test t2(Rcal)a"test
P2-cal ] (Rtest)4°ca1 . o
Solving Equation (C.4) for £2 gives
2 P test R4test 9cal
v Poocal  R'cal  test (€-5)

From Equation (2.2),

A = -10 log;ot = -5 log!0t? (C.6)
or
P (R )4 o
[ 2-test test cal ]
A= -5[10g, = + 10gy 75— + 109,y —— (C.7)
10 P2-cal 10 (Reay)® 10 Otast
or
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1 Reest test
A =2 TPy car = Pa-test] ~20 10910 [z_—~1 +5 Togyo [G—7)

(coa)
where both P2 values are in dBm, Now all that remains is to relate each

P2 to a value of V which is accomplished by using Equations (C.1)

out’?

and (C.2). Because the equations were derived from data taken with Aif

set to 30 dB,

10939 V¢ = C + 0.1[P, - (A £-30)], (C.9)

where P2 is in dBm and C is 6.1 in low gain mode and 8.0 in high gain

mode. Solving for P2 in dBm yields

P, = 10(l0g;q Voo - C) + A - 30. (C.10)

out

Substituting this value of P2 into Equation (C.8), with C and C

cal test
having values of 6.1 in low gain mode and 8.0 in high gain mode, yields

A = (1/2) [10(0g; Vout-cal ~ Cca1) * Aifocar = 0
- {10(109; vout-test - Ctest) * Aif-test - 301]
= 20 Togyq [Ry 4/R.57] * 5 Togyg [otest/°cal] (C.11)

or

A=5 10910(Vout-callvout-test) + 5(ctest - ccal)

+ (1/2) (A,

if-cal ~ Aif—test) -2 1091°(Rtest/ncal)

*+ 5 10919(0yoq/9:41) (dB). (4.1)
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Equation (4.1) gives A (in dB) in terms of the parameters mentioned
above and Cpest and Ccay, which are dependent on the gain mode of the

system. Thus Equation (4.1) yields the attenuation A,
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APPENDIX D
CIRCUIT DIAGRAMS

1. ESL 776 Wiz, 33 DB AMPLIFIER

Figure D.1 shows the circuit diagram of the ESL 776 MHz, 33 dB

amplifier,

2. AUDIO-FREQUENCY CIRCUITRY

The circuit diagram of the six audio-frequency boards are shown in

Figures D.2 to D.6.
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+i15VDC o—¢ * ¢

* AVANTEK GPD -402
INTEGRATED AMPLIFIER

Figure D.1. ESL 776 MHz, 33 dB gain amplifier circuit diagram.
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Figure D.3. Audio frequency circuit board #2.

circuit diagram,
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MISSION
of

Rome Air Development Center

RADC plans and executes research, development, test and
selected acquisition programs in support of Command, Control,
Communications and Intelligence (C*I) actiuvities. Technical and
engineering support within areas of competence is provided to
ESD Program Offices (POs) and other ESD elements to
perform effective acquisition of C®I systems. The areas of
technical competence include communications, command and
control, battle management information processing, survesllance
sensors, intelligence data collection and handling, solid state
sciences, electromagnetics, and propagation, and electronic
reliabilsty/masntasnability and compatibility.




